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Abstract

Global crises, notably climate shocks, degraded ecosystems, and growing
energy demand, enforce sustainable production and consumption pathways.
A circular bioeconomy offers the opportunities to actualize resource and
eco-efficiency enhancement, valorization of waste streams, reduction of fossil
energy and greenhouse gas (GHG) emissions. Albeit biomass resources are a
potential feedstock for bio-hydrogen (bio-H,) production, Ghana’s agricul-
tural residues are not fully utilized. This paper examines the economic and
environmental impact of bio-H, electricity generation using agricultural re-
sidues in Ghana. The bio-H, potential was determined based on biogas steam
reforming (BSR). The research highlights that BSR could generate 2617 kt of
bio-H,, corresponding to 2.78% of the global hydrogen demand. Yam and
maize residues contribute 50.47% of the bio-H, produced, while millet resi-
dues have the most negligible share. A tonne of residues could produce 16.59
kg of bio-H, and 29.83 kWh of electricity. A total of 4,705.89 GWh of elec-
tricity produced could replace the consumption of 21.92% of Ghana’s elec-
tricity. The economic viability reveals that electricity cost is $0.174/kWh and
has a positive net present value of $2135550609.45 with a benefit-to-cost ratio
of 1.26. The fossil diesel displaced is 1421.09 ML, and 3862.55 kt CO,eq of
carbon emissions decreased corresponding to an annual reduction potential
of 386.26 kt CO,eq. This accounts for reducing 10.26% of Ghana’s GHG
emissions. The study demonstrates that hydrogen-based electricity produc-
tion as an energy transition is a strategic innovation pillar to advance the cir-
cular bioeconomy and achieve sustainable development goals.
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1. Introduction

Energy security and environmental degradation are inherent issues with the li-
near economy. The United Nations (UN) sustainable development goals (SDGs)
were created to spur global economic growth and help countries tackle the most
pressing issues affecting society and the environment [1]. Likewise, different
concepts have been proposed to boost biomass efficiency and resource utiliza-
tion to enhance sustainability. The concepts include “green growth”, “green
economy”, “circular economy”, and “bioeconomy” [2]. There has been an up-
surge in political support for a circular bioeconomy (CBE) in light of the UN
SDGs [3], which exploits the use of bioresources to produce high-value products
[4]. Instead of relying exclusively on economic considerations to decide how
to use a resource, a CBE prioritizes upcycling and cascading to extend the life
of bioresources in the technological cycle [5]. The accelerating rates of global
warming and environmental degradation have influenced the adaptation of CBE
[6], lowering greenhouse gas (GHG) emissions while increasing sustainable
consumption and production [7].

Modernization relies heavily on fossil fuels to provide its energy needs. The
continuous use of fossil fuel supplies [8] requires sustainable future energy to
meet the increasing population growth rate. Bioenergy has the potential to alle-
viate the climate-related issues caused by fossil fuel consumption in the produc-
tion of heat, power, and transportation fuels [9]. Given this, to meet the world’s
growing demand for energy while also reducing hazardous emissions, bio-
hydrogen (bio-H.) is an ideal alternative [10].

Biomass is an appealing renewable energy source and a potential feedstock for
hydrogen production [11]. Agricultural residues provide enormous potential for
the production of bio-hydrogen [12]. Due to its abundance, affordability, and
biodegradability, using agricultural residues to produce hydrogen is highly ad-
vantageous [13]. Emerging technologies that support the synthesis of hydrogen
could be used to convert residues to attain significant bio-hydrogen production
[14]. Biogas steam reforming (BSR) is applied extensively to produce hydrogen.
With higher working temperatures and steam-to-carbon ratio, the biogas steam
reforming produces more hydrogen [15]. The hydrogen economy is the subject
of extensive study and policy development, and hydrogen production could have
significant implications for economic growth [11]. Given this, agricultural resi-
due management for hydrogen-electricity generation must be integrated to

achieve a circular bioeconomy.

DOI: 10.4236/0jee.2024.132004

58 Open Journal of Energy Efficiency


https://doi.org/10.4236/ojee.2024.132004

P. A. Seglah, K. A. W. Neglo

Previous studies evaluated the hydrogen generation capacity of biomass. Asadi
et al. [16], developed a quantitative framework to evaluate biological hydrogen
generation from agricultural wastes whiles, Bundhoo [12] estimated the bio-
hydrogen production potential through dark fermentation. The bio-hydrogen
potential of untreated residues was higher than treated residues. Likewise, using
food waste as feedstock, hydrogen produced from biogas steam reforming to
generate power and its environmental benefits was estimated in South-Western
Nigeria [17]. Some earlier studies in Ghana assessed the hydrogen generation
potential from other renewable sources (solar and wind). Topriska et a/. [18] re-
searched the feasibility of using a solar hydrogen system as a viable alternative to
traditional cooking fuels in Ghana. It was revealed that based on the country’s es-
timated daily cooking demand profile, Ghana could produce 815 kg of hydro-
gen. The study by Acakpovi ef al [19] concentrated on wind resources and the
potential for producing hydrogen using water electrolysis. It was determined
that the hydrogen fuel cell produced 25,999 kWh annually. Agyekum et al. [20]
presented an overview of hydrogen from sustainable resources based on water
splitting. The economic concerns revealed that water electrolysis utilizing solar
or wind energy is not cost-effective.

There are scarce findings on using agricultural residues for bio-hydrogen
generation through the biogas steam reforming process. To the best of the au-
thors’ knowledge, this paper is the first to conduct preliminary research on
agricultural residues’ potential to produce bio-hydrogen and electricity and eva-
luate how they can boost the circular bioeconomy. In Ghana, research into hy-
drogen synthesis through biogas steam reforming is lacking and has not been ac-
tively pursued. There is a scarcity of information on hydrogen production from
agricultural residues through BSR. In this regard, agricultural residues were
chosen since comprehensively utilizing these biomass resources has received less
government attention, although residues can promote circular bioeconomic de-
velopment. Ghana has witnessed an underdeveloped renewable energy (RE) sector
marred with challenges compared to other countries. Likewise, using residues
for H,-power generation needs to be examined to advance the renewable energy
sector. The significance of the research is to provide the groundwork for the
generation of hydrogen in Ghana from residues as a renewable energy source
that may be integrated into Ghana to help the country reach its 10% renewable
energy goal by 2030. The study aims to determine the bio-hydrogen electricity
potential from agricultural residues and conduct its economic and environmen-
tal assessment. Bio-hydrogen production could contribute significantly to global

H, production to accelerate renewable energy production [17].

2. Materials and Methods

The framework for the study’s methodology is shown in Figure 1. The trajecto-
ries involved bio-hydrogen production and its electricity potential from agricul-
tural residues. Then the economic and environmental potential of the hydrogen

energy potential was determined. Under this section, the materials refers to the
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Figure 1. Methodological framework.

feedstock (residues generated from crops), actual biogas and bio methane, hy-
drogen, electricity and diesel. The methods include determining the residues’
potential, anaerobic digestion technology, biogas steam reforming, and methods

of assessments for electricity, economic and environmental capacity.

2.1. Determination of the Agricultural Residues’ Potential

Agriculture is the backbone of Ghana’s economy, predominantly characterized
by crop production. Different food and cash crops are cultivated, providing sub-
stantial biomass to promote Ghana’s circular bioeconomy when comprehen-
sively utilized. The study focused on the selection of major crops cultivated in
Ghana. Given this, 12 major crops were selected from 2011 to 2020 from the da-
tabase of the Food and Agricultural Organization (FAO) [21]. Agricultural resi-
dues were traditionally utilized as fertilizer, animal feed, cooking fuels and used
in landfills to check erosion [22]. Due to numerous constraints, not all agricul-
tural residues can be collected and reused [23]. This means that only a fraction
of residues are converted into bioenergy [24]. In addition, a critical factor that
could affect the annual agricultural residue supply is the recoverable proportion
[25]. The current study determined the collectible agricultural residue potential
based on Equation (1).

ARP(j):z:':I(PP(i,j)xPRPR(i,j)fo(i,j)) )

where AR, () is the collectible agricultural residues (tonnes); B, is the crop
produced; Py, is the residue-to-product ratio and C,(i,j) is the residue

collectible fraction retrieved from Kemausour et al. [23].

DOI: 10.4236/0jee.2024.132004

60 Open Journal of Energy Efficiency


https://doi.org/10.4236/ojee.2024.132004

P. A. Seglah, K. A. W. Neglo

2.2. Biogas and Biomethane Recovery from Agricultural Residues

Agricultural residues are rich in potassium (K), carbon (C), nitrogen (N) and
phosphorus (P) which are used to produce a variety of bioenergy sources [26]
[27]. The anaerobic digestion (AD) technology can generate renewable energy in
the forms of biogas and bio-methane from residues. When residues are used as a
feedstock for biogas production, 25% - 55% carbon dioxide (CO,) and 40% -
75.7% methane (CH4) can be produced [28] [29]. Estimating the biogas diges-
ter’s capacity is critical for designing an efficient biogas steam reforming process.
The ability of the digester to produce biogas is determined using a theoretical
approach. Buswell’s equation was used to determine the potential yield of biogas
from the feedstock. The mineral composition of residues was used to determine
the stoichiometry of feedstock degradation [17], as shown in Equations (2) and
(3).

CHON, +¢-L-2+3 10
o 4 2 4 )
= 1—£—£+2 Co, + 1+£—£—£ CH, +¢NH,

2 8 4 8 2'8 4 8

C,H,0N, + ZH,0 = Z,CO, + Z,CH, + Z,NH, 3)

The variables ¢, ¢ s, r were the number of carbon (C), nitrogen (N), oxygen
(0), and hydrogen (H), atoms, respectively and was estimated using Equation
(4).

U, 1

X

ratio —
M, N,

4)

U, is the C, N, O and H of agricultural residues obtained from various lite-
ratures; M, is the molar mass of C, N, O and H [30] and N,, isthe N mole

ratio.
Biogas ( BG(p) ) potential was estimated in Equation (5).

BG,

(= F

Co,

+ Py, (5)

Py, and F,, are the CO, and CH, potential of the biogas at a standard
temperature (0°C) and pressure (1 atm) expressed in m*/tonne. The £, and

P, were determined based on Equations (6) and (7) [17].

g, r_s_3t
2 8 4 8
T, =22400x 6
Ha 12 +r+16s +14¢ (©)
q_r s, 3t
T, =22400x—2 8 4 8 7)
: 12g+r+16s+14t

During anaerobic digestion technology, about 10% of the feedstock (agri-
wastes) fails to decompose in the digester [30] and about 5% to 10% of residues
synthesizes the cell tissues of the microorganisms that aid in microbial
decomposition [17]. The estimation of the actual biogas (BG( )) potential

Actual
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was based on Equation (8).

BG

(Actual )

:ARP(j)xBG(p)xa) (8)

where w is 85% which represents the portion of residues used for cell tissue syn-
thesis [31].

Before it can be used in the reforming process, the raw biogas must undergo
purification and augmentation [32]. Chemically, pure biogas consists of about
93% - 96% CH.,, H,S (<20 ppm) and 4% - 7% CO, [33]. Given this, the study as-
sumed CO; is the only pollutant present in purified biogas and the determina-

tion of the volume of CH, was based on [34], as shown in Equation (9).

CH4 = BG(ACtual) X IB% (9)

(Pure)

B% is a biogas upgrading percentage taken as 75.7% [29].

2.3. Hydrogen Production through Biogas Steam Reforming

Steam reforming is a common method for producing hydrogen, which requires
operating at high temperatures to get a high hydrogen yield [15]. The steam
methane reforming (SMR) process, which has a conversion efficiency of between
74% and 85%, is the most widely used and technologically advanced technique
for producing hydrogen [35]. The biogas steam reforming process produces half
the hydrogen generated globally [29]. During the steam reforming of biogas, the
three significant reactions below occurs (Equation (10) to Equation (12)) [15]:

steam reforming (SR)
CH, +H,0 ==CO+3H, AHJ; =+206.2kJ/mol (10)

water gas shift (WGS)

CO+H,0=CO0,+H, AHjy, =-41kJ/mol (11)
and dry reforming (DR)
CH, +CO, ==CO, +4H, AH, =+247.9 kJ/mol (12)

Dry reforming can be disregarded when there is a significant concentration of
steam during the reforming process [15], and the efficiency of the reform reac-
tors determines how much hydrogen is produced. The potential for producing
large amounts of hydrogen was determined analytically using the stoichiometric
chemical equations of these reactions. From Equation (12), one kilogram of
steam-reformed methane yields 0.5 kg H, gas. The study assumed that the re-
former derives all of its energy from a biogas-fueled boiler. The H, produced

depends on the system’s reformer and boiler efficiency. Therefore, the Hydrogen
(H 20 ) produced from biogas steam reforming was determined based on Equa-

tion (13) [17].

H, (13)

0= CH Yoy ® density ;< 0.5% 17 o)

(

where density, ., is the density of CHs; 7, denotes the efficiency of the

sys.eff .

reformer and boiler as 80% [29].
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2.4. Determining the Hydrogen-Electricity Potential

The measurement of the energy content of hydrogen derived from biogas steam
reforming was conducted by assessing its electricity generation capacity. In this
study, the energy content of bio-H, was determined only by its capacity to gen-
erate electricity for various applications. One of the many applications for hy-
drogen’s outstanding energy carrier capabilities is the production of energy [36]
which is one of the most environmentally friendly ways to produce electricity
[37]. Biomass-based hydrogen production has emerged as a promising electricity
potential [38]. In addition, utilizing biomass waste for energy production has
significant environmental benefits and achieves an excellent 94.33% ecological
efficiency rating. Hydrogen production and its electricity potential positively

correlate with steam reforming efficiency and the biomass waste collection rate
[17]. The hydrogen-electricity potential (HZ(EM ) was determined based on Eq-

uation (14).

H, : =é‘><LHV( )Xdensily(Hz) xH, (14)

hydrogen (0)

(Elec.

where J represents the fuel cells electricity conversion rate (taken as 60%) from
Alves et al [33]; LHV, represents H, lower heating value (LHV) which is

(hydmgen)

33.3 kWh [39] and density, is the density of hydrogen considered as 0.09

(H3)

kg/m? [17].

2.5. Economics of Hydrogen Generation

The parameters used to determine the H, costs are the project’s operations and
maintenance cost, the initial cost of investing in the biogas steam reformer, boi-
ler and other variables. The estimation of hydrogen cost was based on Equation
(15) to Equation (20).

I xF
Cost, =M., +—*——+Pn_, (15)
2 hrs x H. Yty
Po,, x Bio,,
cost = ; (16)
2(Etec)
Biocost = Mbio x LHI/biu (17)
1 F
oy =t X2 0,03 (18)
hrsx H,
(Etec.)
k' x(k-1
ST »
k" -1
f=1+—— (20)
100

Cost,, = cost of hydrogen; Pn,, = operations cost; M = maintenance

cost Cost

cost; [/

cost

= initial cost is taken as $15000 [29]; Ars = hours per year; F= annu-
= cost of biogas taken as $0.0518/kWh
[29]; M,, = mass of biogas (kg); LHV,, = biogas lower heating value taken

ity factor; Po,,, = power of biogas; Bio

cost
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as 10.514 kWh/kg [34]; n = total project period (10 years); and ir = interest rate.

A project’s economic viability is measured by its net present value (NPV);
specifically, a positive net present value denotes an economically viable project,
while a negative net present value denotes an economically unviable enterprise
[40]. The NPV (PprV ) for the project was determined based on Equation (21) to
Equation (25).

Ber e DY R & ; (1)
(RD, +1) (RD, +1) (RD, +1)
PjREV = CostH2 X HZ(Q) (22)
P/'m = Tax(IPG) X PjRp_V (23)
ot = Lier ™ D ™ Plhea =M o (24)
RD, == AL (25)
Frae

C, = net cash flows; RD,

»

= annual real discount; P, = revenue gener-
JREV
ated; ij = tax paid by the project; T ax ;pg) = Ghana’s tax on incomes, prof-

its and capital [41]; P/.”

= project profit; /, = inflation rate in Ghana
ofit Jrate

[42]; oo = nominal discount [34].

The benefit-to-cost ratio (BCR) is an indicator of profitability related to the
net present value. It measures the relationship between the system’s lifetime in-
vestment costs and overall earnings [40]. The benefit-to-cost ratio is estimated
based on Equation (26).

Bier
=" +1 (26)

JBCR T
wc

P = the project BCR, T}, = is the total investment cost.

JBCR
2.6. The Environmental Evaluation of Hydrogen-Electricity

2.6.1. Diesel Fuel Displaced

In Ghana, several socioeconomic groups are forced to use generators due to in-
adequate state energy delivery [43]. These generators commonly supply the elec-
tricity in urban and rural areas because the utility sector cannot produce enough
power to fulfill the rising electricity demand. The primary fuel source for these
generators is fossil diesel, which has potential severe environmental conse-
quences. Hydrogen gas could offset large amounts of diesel, resulting in huge
cost savings. The electricity demand-supply mismatch may be resolved by re-
placing diesel generators with hydrogen-powered fuel cells [17]. Equation (27)
was used to calculate the quantity of diesel fuel (DF) that could be offset by hy-

drogen-electricity produced from residues [34].

b G XLHV ;i oen) X density < H 20) @7)
(fuel) — LHVD
D, X (D) Gen
(Den) 7 (¢)
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where D, represents diesel density which is 0.84 kg/litre [44]; LHV,,

represents diesel LHV which is 42.5 MJ/kg [45]; y denotes MJ to kWh conver-
sion factor and Gen(g) denotes diesel generator efficiency of 33% [46].

2.6.2. The Estimation of the Global Warming Mitigation Potential

The release of CO,, CHs, and nitrous oxide (N,O) from diesel fuel generators
poses severe problems [47]. The energy industry is key to preventing irreversible
climate change because it is the main generator of greenhouse gas emissions. If
clean, renewable energy replaces fossil fuels, carbon emissions might signifi-
cantly decrease [48]. Hydrogen-powered fuel cells have proposed a possible so-
lution to the energy-environment gap [17]. Given this, Equation (28) to Equa-

tion (30) were used to estimate the global warming mitigation potential (GWP).

o, ()= CO,,,, % >i<(coz) XD 101 (28)
CO,,, (N)=N,0gy) x >i<(N20) %D (29)
co,, (9)=CH 4wy ¢ >R(CH4) XD e (30)
The total global warming mitigation potential ( GWFy, ) was estimated as:
GWE,, =C0, (¢)+CO, (N)+CO, (9) (31)

where co,, (N), co,, (¢) and co,, (9) are the nitrous oxide, carbon

dioxide and methane CO, equivalents; >K(COZ), j((NZO), >R(CH4) are diesel-
specific emission factors for CO,, N,O and CH, taken as 2.7 kg/liters, 2.167 x

107° kg/liters and 3.612 x 107* kg/liters; COZ(cw)’ N,Oyy and CH Yo GWP

of CO,, N0, and CH, considered as 1 kg COzeq> 32 kg COZW and 298 kg
COZM , respectively [49] [50] [51].

3. Results

3.1. Biogas to Bio-Hydrogen Generation from Agricultural
Residues

The study evaluated the potential for producing purified biogas in Ghana using
anaerobic digestion technology. Biogas steam reforming was used to determine
the amount of hydrogen gas that could be generated. Figure 2 shows the puri-
fied biogas and hydrogen gas potential from agricultural residues. The findings
indicate that 11406.03 million cubic meters (Mm?) of purified biogas were ob-
tained within the study’s timeframe (2011-2020), with an annual potential of
1140.60 Mm®. The purified biogas potential increased from 974.80 Mm? (2011)
to 1402.05 Mm? (2020). In addition, the residues from yam had the most puri-
fied biogas potential of 2903.12 Mm?® for the period and an annual potential of
290.31 Mm?, and maize residues had the second-highest share of 2853.21 Mm’®
(2011-2020) and 285.32 Mm?® (yearly potential). For the annual share, the other re-

sidues with a significant purified biogas yield were plantain residues (196.42 Mm?),
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Figure 2. Purified biogas and bio-hydrogen from agricultural residues.

cassava residues (144.02 Mm?), and cocoa pods (53.07 Mm?). It was found that
the annual purified biogas from oil palm (16.45 Mm?), groundnuts (13.11 Mm°),
and millet (12.71 Mm?®) residues were not promising.

The findings showed that hydrogen production increased from 223.66 kilo-
tons (kt) (2011) to 321.69 kt (2020). The overall output potential of hydrogen for
the project is 2,617 kt. It was also discovered that the average annual production
of bio-H, was 261.70 kt. During the period, the total bio-H, gas generated for the
topmost residues were 666.09 kt (yam residues), 654.64 kt (maize residues),
450.66 kt (plantain residues), 330.44 kt (cassava residues), and 121.75 kt from
cocoa pods. These residues contributed 66.61 kt, 65.46 kt, 45.07 kt, 33.04 kt,
and 12.18 kt of bio-H, gas yearly. From the results, yam (25.45%) and maize
(25.01%) residues produced 50.47% of the total bio-H,. Plantain residues ac-
count for 17.22%, cassava (12.63%), and cocoa had 4.65%. The annual bio-H,
potential for sorghum, rice, cowpea, soybeans, oil palm, and groundnut residues
was 8.91 kt, 7.56 kt, 6.95 kt, 6.22 kt, 3.78 kt, and 3.01 kt. Millet residues had the
most negligible contribution of 29.17 kt (1.11%) for the period and a lower an-
nual yield of 2.92 kt. The study shows that one tonne (1000 kg) of residues could
produce about 16.59 kg of bio-H,. Table 1 shows (see column 2) the bio-H, gas

generation capacity for a tonne of the different types of residues.

3.2. Electricity Potential of Bio-Hydrogen

From the study, hydrogen gas was produced by biogas steam reforming, and its
potential for generating energy was measured. The study demonstrated that a
tonne (1000 kg) of residues could produce 29.83 kWh of electricity, while the
specific energy generation potential per tonne of the residues is depicted in Ta-
ble 1 (see column 3). The results of the electricity potential of bio-hydrogen are
presented in Figure 3. The study reveals that a good amount of electricity can be
generated with a total capacity of 4,705.89 GWh for the period. The electricity

generation capacity in 2011 was 402.18 GWh which observed a steady increase
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in production of 578.45 GWh in 2020. In addition, the findings show that Ghana
can generate 470.59 GWh annually. Substantial electricity was produced from
yam, maize, plantain, and cassava residues, with a total production for the
project period of 1197.77 GWh, 1177.17 GWh, 810.38 GWh, and 594.19 GWh.

These residues had an annual electricity potential of 119.78 GWh (yam resi-
dues), 117.72 GWh (maize residues), 81.04 GWh (plantain residues), and 59.42
GWh (cassava residues). Yam and maize residues provided a promising energy
potential, accounting for 50.47% of the total power. The study highlights that the
total energy share of the agro-wastes for cocoa pods was 218.94 GWh, followed
by sorghum (160.260 GWh), rice (135.98 GWh), cowpea (124.99 GWh), soy-
beans (111.79 GWh), oil palm (67.89 GWh) and groundnut (54.08 GWh), whiles
millet had the least of 52.45 GWh. The annual electricity from these seven resi-
dues had a lower annual power ranging from 21.89 GWh to 5.24 GWh.

Table 1. Hydrogen and electricity generation potential per tonne of residues.

Agricultural residue H: potential (Kg) Electricity (kWh)
M-R 17.81 32.02
R-R 16.43 29.54
Sg-R 19.84 35.67
Mi-R 11.75 21.13
Sy-R 13.96 25.10
Gn-R 2.67 4.80
Cp-R 18.87 33.92
Y-R 22.44 40.36
Cs-R 18.88 33.94
Pt-R 20.94 37.65
Cc-R 19.31 34.72
Op-R 16.21 29.15

M-R = maize residues, R-R = rice residues, Sg-R = sorghum residues, Mi-R = millet resi-
dues, Sy-R = soybean residues, Gn-R = groundnut residues, Cp-R = cowpea residues, Y-R
= yam residues, Cs-R = cassava residues, Pt-R = plantain residues, Op-R = oil palm resi-
dues and Cc-R = cocoa residues.
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Figure 3. Electricity potential of bio-H..
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3.3. Economics of the Electricity Potential of Bio-Hydrogen

The economic assessment was based on the total bio-H, and electricity generated
for the project period. The study shows that the total cost of operations will
be $8206094949.27, with an annual cost of $820609494.93, corresponding to
$1.744/kWh. The total maintenance cost is $24501036.03 with a yearly output of
$2450103.60; this corresponds to $0.005/kWh. The hydrogen production cost
was $816701202.71, which will have a yearly bio-H, cost of $81670120.27. The
cost per kWh of electricity was estimated at $0.174. The project’s revenue for the
10 years is $454177067.46 and could generate a total profit of $258880926.71,
leading to an annual profit margin of $25888092.67. The sum of net cash flow
was estimated at $234364892.43. The project has an annual positive NPV value
of $213555060.94 corresponding to $2135550609.45 (2011-2020). The positive
NPV values exemplify that using residues for bio-H, for power generation is
economically viable. Similarly, the study had a BCR value of 1.26, which is en-

couraging and implies it is worth investing in the project.

3.4. The Diesel Fuel Displacement and Global Warming Mitigation
Potential

The diesel displacement capacity of bio-H, energy was determined. The results
show that 142.11 million liters (ML) of diesel can be displaced annually. The
study discovered that 1421.09 ML of fossil diesel consumption could be avoided
during the project period, with a diesel displacement capacity of 121.45 ML in
2011 and 174.68 ML in 2020. Table 2 shows the fossil diesel that was displaced
for the project period. Yam and maize residues could displace 36.17 ML and
35.55 ML per year, representing 50.47% of the total displaced diesel potential of
the project.

The remaining 10 residues contribute to 49.53% of the total diesel avoided.
Given this, the amount of diesel that could be displaced per year by plantain re-
sidues is 24.47 ML, with cassava residues contributing 17.94 ML. In addition,
cocoa, sorghum, rice, cowpea, soybeans, oil palm, groundnut, and millet resi-
dues had an annual diesel displacement potential of 6.61 ML, 4.84 ML, 4.11 ML,
3.77 ML, 3.38 ML, 2.05 ML, 1.63 ML, and 1.58 ML. On average, a tonne of resi-
dues for H,-power could displace 9.01 L of fossil diesel, and Figure 4 shows the
quantity of diesel displaced per tonne of the specific residues. The study demon-
strates that bio-H, electricity has environmental co-benefits, with global warm-
ing mitigation potential of 24.49 kg CO,eq per tonne of residue. Figure 4 depicts
the global warming reduction potential per tonne for all the crop residues. It was
also discovered that 1 kg of H, could mitigate 1.48 kg CO,eq. Within the period,
3862.55 kt CO.eq could be avoided with an annual reduction potential of 386.26
kt COzeq. In addition, from 2011 to 2020, global warming mitigation increased
from 330.11 kt CO,eq to 474.79 kt CO»eq.

It was also revealed that for the specific residues, the total global warming re-
duction potential for yam and maize was 983.12 kt CO,eq and 966.21 kt CO,eq,

DOI: 10.4236/0jee.2024.132004

68 Open Journal of Energy Efficiency


https://doi.org/10.4236/ojee.2024.132004

P. A. Seglah, K. A. W. Neglo

demonstrating that these residues could save 98.31 kt CO,eq and 96.62 kt CO,eq
per year. Similarly, the two residues mentioned above contribute 50.47% of the
total CO, reduction. Figure 5 highlights residues’ carbon emission reduction
potential. The other residues could avoid CO, emissions with annual mitigation
potential for plantain as 66.52 CO.eq followed by cassava (48.77 kt CO,eq), co-
coa (17.97 kt COeq), sorghum (13.15 kt COeq), rice (11.16 kt CO,eq), cowpea
(10.26 kt CO,eq), soybeans (9.18 kt CO,eq) and oil palm (5.57 kt COseq).
Groundnut and millet had a CO, reduction potential of less than 5 kt CO,eq
each. Similarly, the total global warming reduction potential for the 10 agricul-
tural residues was from 665.16 kt CO,eq to 43.05 kt CO,eq, contributing to

49.53% of the emission reduction.

Table 2. Fossil diesel displacement potential of agricultural residues based on Ha-power (ML).

Year M-R R-R Sg-R Mi-R Sy-R Gn-R Cp-R Y-R Cs-R Pt-R Op-R Cc-R
2011 28.69 2.79 4.92 1.72 3.49 1.70 4.24 30.69 14.31 21.61 1.83 5.46
2012 33.23 2.90 4.80 1.68 3.22 1.73 4.00 32.36 14.61 21.23 1.89 6.86
2013 30.07 3.43 4.40 1.45 2.94 1.49 3.59 34.49 16.06 21.94 2.00 6.52
2014 30.02 3.64 4.44 1.45 3.00 1.56 3.61 34.70 17.88 22.60 2.10 6.70
2015 28.82 3.86 4.50 1.47 3.02 1.52 3.64 35.57 17.29 23.59 2.10 6.70
2016 29.34 4.04 3.94 1.49 3.04 1.55 3.70 36.27 17.88 23.88 2.10 6.70
2017 34.27 4.35 3.94 1.53 3.62 1.58 3.79 38.30 19.10 25.54 2.14 7.56
2018 39.30 4.63 5.42 1.70 3.75 1.90 3.86 38.31 20.94 27.99 2.11 7.06
2019 49.41 5.57 5.92 1.78 3.92 1.64 3.63 39.42 19.46 28.46 2.12 6.33
2020 52.33 5.86 6.10 1.59 3.76 1.64 3.67 41.60 21.91 27.87 2.12 6.24
Total 355.48 41.06 48.40 15.84 33.76 16.33 37.74 361.70 179.44  244.72 20.50 66.12
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Figure 4. Diesel displaced and global warming mitigation potential per tonne
of residues.

DOI: 10.4236/0jee.2024.132004

69 Open Journal of Energy Efficiency


https://doi.org/10.4236/ojee.2024.132004

P. A. Seglah, K. A. W. Neglo

M-R
R-R
Sg- R
1-R
Sy-R

Cp-R
-R
Cs-R
o5 R
p_
Ce-

CRECONEOONENN

Figure 5. Carbon emission reduction potential of bio-H; electricity.

4. Discussions
4.1. Bio-Hydrogen and Electricity Generation

The study highlights that agricultural residues offer a promising alternative for
producing sustainable hydrogen. Hydrogen demand from 2020 to 2021 in-
creased by 5%, and global demand for hydrogen in 2021 was 94 Mt [52], indi-
cating that the bio-H, produced in this study may meet 2.78% of the global de-
mand for hydrogen. The study reveals that yam, plantain, cassava, and maize re-
sidues have a greater potential for bio-H,. The residues with higher quantities
equally had an increased bio-hydrogen generation potential [12].

The annual bio-H, production (261.70 kt) from residues is close to the annual
H, production (284.93 kt) from food waste in Lagos reported by Ayodele et al
[17]. The findings partly agree with, Asadi ef al [16], where the grain crops re-
sidues such as maize had the greatest impact on bio-H,. Results from the pre-
vious authors revealed that a tonne of residues could generate an average of 7.16
kg of H,, which is lower than the H, potential in the current paper of 16.59 kg.
This difference is attributable to the fact that the previous paper used a mathe-
matical framework to study bio-hydrogen synthesis, whereas the current study
was based on biogas steam reforming. This development proves that biogas
steam reforming has higher hydrogen generation potential, and the technology
can be adopted in Ghana. According to earlier research, through the biochemical
generation of bio-H,, one tonne of maize residues may generate 9.11 kg of H,,
and one tonne of rice residues can generate 7.69 kg of H, [53]. These values are
less than the existing values of 17.81 kg H, (one tonne of maize residues) and
16.43 kg H, (one tonne of rice residues), indicating that biogas steam reforming
has a greater hydrogen potential. Also, an assessment from previous research
revealed that about 84.87 kg of H, could be generated per tonne of food waste.
The significant difference is due to food waste’s higher carbohydrate and biode-
gradable content [34]. Based on the lignocellulosic content of residues, the value
presented in this research is lower. The results align with previous research

where the authors discovered that maize residues provide 20% to 28% hydrogen
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[54]. According to Wei et al [55], a low hydrogen yield was found in rice resi-
dues which share similarities with this study.

According to the Energy Commission [56], Ghana consumed a total of 21466
GWHh of electricity. Given this value, the findings show that the current power
potential could displace 21.92% of the energy consumption. Compared to other
agro-wastes, yam, maize, plantain, and cassava have impressive electricity gen-
eration potential and can be exploited as sustainable renewable energy resources.
The results are consistent with Cudjoe et al [34], who confirmed H, (221.12 bil-
lion kg) from biomass resources (food waste) has a substantial electricity genera-
tion potential of 661.97 TWh. In contrast, an assessment of the previous paper
showed 1 kg of H, from food wastes corresponds to 2.99 kWh, whereas the cur-
rent paper reveals that 1 kg of H, from agricultural residues corresponds to 1.80
kWh. The variances are due to the diverse composition of the feedstocks. Based
on fuel cell-hydrogen-wind technology, Acakpovi et al [19] determined that
Ghana can produce 25999 kWh annually. The value obtained by Acakpovi et al
[19] is less than the yearly power generation potential estimated by the current
study, which is 470.59 GWh. This demonstrates that utilizing residues for bio-H,
synthesis through biogas steam reforming has high electricity potential. Like
others in Africa, Ghana’s economy has seen energy demand expand faster than
supply [57]. Ghana aims for 10% renewable energy by 2030, and hydrogen is
considered an alternative to fossil fuels [58]. Using residues to generate hydro-
gen keeps biomass in the technology cycle longer, forming a closed loop and

promoting sustainable energy security to advance the circular bioeconomy.

4.2. Economic and Environmental Context

The results demonstrate that the project is economically viable and will give in-
vestors some returns. The electricity cost in the current paper ($0.174/kWh)
contrasts with Cudjoe et al [34], in which the authors reported a cost of
$0.814/kWh. This could be attributable to the fact that agricultural residues were
utilized as feedstock in the current investigation, whereas food wastes were used
in the earlier study. This implies that using crop residues for bio-H, electricity is
cheaper than using food wastes. According to Acakpovi et al [19] the cost of
electricity from fuel cell-hydrogen-wind technology per kWh is $0.602. The cost
from the earlier research is more expensive than the current price ($0.174/kWh).
This means that the technology applied in this study is cost-effective. The posi-
tive net present value values imply that investing in residues-H, energy genera-
tion is worthwhile. The findings concur with Lui et al [59], who verified that
using biomass for bio-hydrogen had positive NPV in all scenarios. This shows
that using residues as feedstock for biogas steam reforming to produce hydrogen
will be profitable. The benefit-to-cost ratio for the study was more than one and
the paper partly corresponds to Abdelhady [40], who had a benefit-to-cost ratio
greater than one (1.06). The discrepancy between the present number and the

earlier value is attributable to the fact that the current study used residues, whe-
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reas the earlier paper relied on solar energy. Using crop residues for hydrogen
power generation has a higher benefit-to-cost ratio and can yield more profits.
When the benefit-to-cost ratio is more than one, it indicates that investment in
the project will generate a profit. On the other hand, a BCR < 1 will generate a
loss, and a BCR = 1 implies there will be no profit or loss. The paper reveals that
biogas steam reforming is an economically viable technology that can be imple-
mented in Ghana.

The study garnered that large amounts of diesel could be displaced by H,
electricity, reducing pollution and cutting down costs. The displacement of fossil
fuel in Ghana by using hydrogen power will be a relief, as many individuals have
voiced concerns about the rising price of fossil diesel. As of 12 September 2022,
the price of 1 liter of diesel in Ghana was 14.260 Ghana cedis (GS), equivalent to
$1.440 [60]. This implies that for the project period, 20264.743 Ghana cedis
(equivalent to $2046.360) could be saved when diesel is displaced. The findings
of the fossil diesel displacement of H, electricity are consistent with Ayodele et
al [17], who emphasized about 7.446 ML of diesel fuel. Similarly, the results
agree with previous findings where 15482.26 ML of diesel fuel was replaced with
power generated from hydrogen gas [34].

In Ghana, the GHG emissions are estimated at 37650 kt CO, [61]. Compared
to the CO, emission reduction potential of the present study, this could offset
10.26% of the total emissions in Ghana. The study exemplifies that bio-hydrogen
has the potential to reduce global warming, which aligns with earlier research.
The study is consistent with Alves et al [33], who indicated that generating hy-
drogen from renewable resources like biogas significantly reduces GHG emis-
sions. Biogas steam reforming as a technology for bio-H, production was studied
using a life cycle assessment which revealed that 5.59 kg CO,eq could be ob-
tained from a kg of H, [62]. This value is higher than the findings from the cur-
rent paper because this paper only considered the emission reduction from fossil
diesel. The CO, savings from bio-H, implies that the technology can positively
influence the bioeconomy. Using residues for bio-H, electricity generation is
cheaper, more profitable for investors, and significantly decreases CO, emis-

sions, which aligns with the circular bioeconomy concept.

4.3. Circular Bioeconomy and Sustainable Development Goals

The circular bioeconomy movement unites the circular economy and bioecon-
omy agendas to attain sustainability [63]. Among the 2030 sustainable develop-
ment goals, 12 goals are linked to the circular bioeconomy [64]. Through the
current study, SDG 2 (zero hunger) can be achieved in Ghana. Farmers will ben-
efit from improved crop yields and increased income by using digestate from
biogas as fertilizer. This will ensure that food is available all year, and farmers
will have enough money to purchase other foodstuffs they do not cultivate to
feed their families. Food prices will be affordable when there is an excess of food

in the country. Sustainable development goal 3 (good health and wellbeing) can
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be attained since bio-hydrogen power reduces pollution.

Additionally, the rate of burning agricultural residues will reduce, and hu-
mans and other living species will be healthier. Less land and water pollution
will result in the achievement of sustainable development goal 6 (clean water and
sanitation). Healthy people will not frequently visit hospitals, resulting in a drop
in expenses, and people can save more money. Bioelectricity production would
ensure people access cheaper, ecologically sustainable electricity, in line with
SDG 7 (affordable and clean energy). Establishing bioenergy plants, particularly
in regions with significant production of residues from maize, yam, plantain,
and cassava will create employment opportunities which will help achieve SDG 8
(decent work and economic growth).

Bio-hydrogen is the innovative fuel of the future that will advance the creation
of anaerobic digestion plants and other sectors. Establishing fertilizer and food
processing plants could contribute to reaching SDG 9 (industry, innovation and
infrastructure). Implementing the project will promote sustainability in the ad-
ministrative areas. This will result in the sustainable production of food and
energy and its consumption. SDG 11 (sustainable cities and communities) and
SDG 12 (responsible consumption and production) will be accomplished. Since
the project will reduce Ghana’s GHG emissions by 10.26%, it will contribute to
achieving sustainable development goal 13’s carbon neutrality target (climate ac-
tion). Also, both terrestrial and aquatic organisms will be safeguarded, as neither
land nor water will be contaminated. Consequently, SDG 14 (life below water)
and SDG 15 (life on land) will be met. In order to accomplish the sustainable
development goals, the circular bioeconomy offers a systems approach to the
sustainable usage of biological resources for improved production, environment,
and quality of life [64]. Utilizing agricultural residues for hydrogen production
will ensure the efficient use of resources. This will contribute to Ghana’s green
development by promoting sustainable development by providing green energy.
In light of this, the project will not only serve as a strategy for mitigating the ef-
fects of climate change but also create jobs for citizens and improve off-farm
agricultural enterprises. The hydrogen market is rapidly increasing and exhibit-
ing features of an integrated industry [7] [65]. A sustainable future can be at-
tained by using bio-hydrogen as an alternative to fossil fuels [66]. This study
serves as a strategic innovation pillar to produce electricity from hydrogen using

residues which can help Ghana achieve the 2030 Sustainable development goals.

5. Conclusion

Assessing the economic and global warming mitigation potential of residues’
hydrogen-electricity potential in Ghana can generate 11406.03 Mm? of purified
biogas corresponding to 2617 kt of bio-H,. This bio-hydrogen can meet 2.78% of
the global hydrogen demand. The projects’ total electricity produced (4705.89
GWh) can replace 21.92% of electricity consumed in Ghana. The generation of

hydrogen-electricity from crop residues is a viable option that offers significant
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environmental and economic advantages. This technology has the potential to
contribute to energy security and climate change mitigation in Ghana and other
West African nations. However, subsequent investigations could undertake more
and comprehensive research on the cost of installation for the conversion
process. Using agricultural residues to produce hydrogen will extend biomass’s
reuse in the technological cycle to help promote circular bioeconomic develop-
ment. This would promote sustainable energy generation, which has socioeco-
nomic and environmental benefits and assist Ghana in achieving its renewable
energy target (10%) and SDGs by 2030.
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