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Abstract

This research investigates the techno-economic feasibility of biomass-based hybrid renewable energy
systems for on- and off-grid connection in Abuja, Nigeria. The work aims to explore the use of renewable
energy  technologies  to  reduce  the  city’s  increasing  municipal  waste  volume,  while  also  generating
sustainable  and  affordable  energy  for  a  cleaner  environment.  The  work  involves  pre-evaluation  of
potential renewable energy resources for biogas and solar radiation in Abuja. Hybrid Optimization of
Multiple Energy Resources (HOMER) software was employed to provide a techno-economic analysis.
The optimum grid-connected option used a 500 kW biogas power generator combined with a 291 kW
photovoltaic array with a 0.063 $ kWh-1 cost of energy. The optimum off-grid option used a 500 kW
biogas power generator, 432 kW photovoltaic array, 144 batteries strings with a 0.143 $ kWh-1 cost of
energy. The grid-connected option showed a 56% decrease in the cost of energy over the off-grid option
and was 52% cheaper than the current conventional generated power tariff in Abuja of 0.130 $ kWh-1.
This suggests that renewable energy could provide increased affordability for energy for the citizens of
Abuja. The analysis also indicated that the grid-connected option had a net present cost of $2,682,808
compared to the off-grid option which had a  68% higher net  present  cost  of  $4,507,376.  The grid-
connected option generated 4% of annual power demands of Abuja with 83% renewable energy penet-
ration while the off-grid option generated 5% of the annual load, thereby supporting the United Nations
Sustainable Development Goal 7 of affordable, reliable and modern energy access. It is concluded that
integration  of  biomass-based  energy  technologies  into  a  grid-connected  hybrid  renewable  energy
system not only reduces the volume of municipal solid waste but is also capable of contributing to the
sustainability of energy provision in low-income countries, especially in sub-Saharan Africa.

Keywords:  anaerobic  digestion;  biogas;  biomass;  photovoltaic;  hybrid  renewable  energy  system;
techno-economic analysis

1 Introduction

Energy for electricity, transport and cooking influence most aspects of daily life because most human,
social and economic activities are driven by energy availability (Best and Burke, 2018). According to
World Energy Outlook of International Energy Agency (IEA, 2020), in 2019, approximately 7.7 × 108

people, equivalent to about 10% of global population, lacked access to electricity. A higher proportion
of this population live in developing countries, especially in sub-Saharan Africa (SSA) with ~75% of
the population without electricity (Figure 1;  IEA, 2020). It is also estimated that 90% of the ~6.5 ×
108 world population without electricity access in 2030 will be in SSA (Chirambo, 2018). Affordable,
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reliable and modern energy access constitutes the major aim of Sustainable Development Goal (SDG)
7 of the United Nations (UN) energy mission. Regional electrification projects focusing on SSA are
urgently needed to reach this goal.

Figure 1. World map showing population without electricity access in 2019 (source: IEA, 2020).

Energy generation from renewable technologies has increased global market penetration due to its
ability to meet the power demands of various sectors. In 2019, renewables were globally contributing
26% of cooling/heating, 10% electricity and 3% transport fuels, with great potential for expansion
(Murdock et al., 2019). By 2026, the capacity of renewable electricity generation globally is estimated
to grow by over  60% compared to  2020 levels,  by 4,800 GW, equivalent  to  the total  capacity  of
current global fossil fuel power generation (IEA, 2022). A study by Thambi et al. (2018) suggests that
about 11% of carbon dioxide (CO2) emissions from the energy sector, equivalent to 3.75 × 108 t, could
be saved if  45% of  renewable energy penetration was achieved globally  by 2030 (Thambi et  al.,
2018).  In addition,  renewable energy development can also contribute to infrastructure develop-
ment,  employment  opportunities,  energy  security  and  access  to  health  facilities,  all  common
challenges in developing countries (Candia et al., 2019; Bala and Siddique, 2009; Kanase-Patil et al.,
2011).  This  growth is  driven by strong support  from government renewable energy policies and
clean energy goals as set prior to and during the UN climate change conference (COP26) (Mountford
et  al.,  2021).  Technological  advances  and  favorable  policies  on  renewables  by  different  national
governments  are  reducing  the  high  initial  cost  of  renewable  energy  generation,  making  it  more
affordable in SSA. This is particularly important in Nigeria where the population is undergoing an
exponential growth, associated with increases in economic activities, resulting in increasing energy
demand.

Primary  methods  of  achieving  energy  access  have  focused  on  grid  power  extension  and  diesel
generators  (Almeshqab  and  Ustun,  2019),  but  these  methods  have  limitations  in  addressing  the
challenges  in  the  developing countries  (Mukhtar  et  al.,  2021;  Cook,  2013;  Ahlborg  and Hammar,
2014). Renewable energy resources, such as the increasing amount of municipal solid waste (MSW),
have potential to contribute to meeting these increasing demands (Charles, 2014; Connolly and Math-
iesen,  2014).  The organic  fraction of  MSW (OFMSW),  if  used for  biogas production by anaerobic
digestion (AD), could significantly reduce greenhouse gas emissions while also affordably contribut-
ing to the national grid power supply. Different studies have suggested distributed Hybrid Renewable
Energy Systems should be adopted to achieve higher energy access in developing countries (Shezan
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et al.,  2018;  Eras-Almeida and Egido-Aguilera, 2019). These are multi-component energy systems,
characterized by a range of generating units integrated with storage devices and fueled either by
renewables, fossil fuels or a combination of the two (Yimen et al., 2020). An appropriate power con-
trol unit is used to connect the power generating sources to single direct current (DC) or alternating
current (AC) points. These points transmit the generated power to the target loads or save it for later
use in an energy storage device, such as a battery, fuel cell or ultra-capacitor (Chauhan and Saini,
2014). Increases in Hybrid Renewable Energy System penetration, could further help solve intermit-
tent  power  availability,  contribute  to  reliable  power  supply,  reduce  generation  cost  and improve
overall system performance (Malik et al., 2020).

Despite numerous benefits, Hybrid Renewable Energy System development has faced economic, tech-
nical, social and political challenges in recent decades. These include funding frameworks impacted
by  stringent  organizational  requirements  and  adverse  environmental  policies,  installation  and
operational  costs,  lack  of  awareness  and  local  expertise,  demographic  changes,  poor  investment
returns,  low power generation,  transmission problems and lack of  investors (Raman et al.,  2012; 
Bhattacharyya, 2013; Dorji et al., 2012).

However, most of the existing literature suggests that a major limitation is the need for power storage
equipment, which is responsible for high overall project costs (Lian et al., 2019; Bhandari et al., 2015;
Bajpai and Dash, 2012;  Krishna and Kumar, 2015). Therefore, systems aim to limit storage size to
reduce overall system costs.

Biomass-based Hybrid Renewable Energy Systems, with lower generation and investment costs, are
currently leading options for SSA (Sansaniwal et al., 2017). Biomass can be used for energy genera-
tion by two different processes, biological and thermochemical energy conversion (Figure 2; Yimen et
al., 2021; Situmorang et al., 2020; Nunes et al., 2017). The costs associated with different designs of
Biomass-based  Hybrid  Renewable  Energy  Systems  in  SSA  require  further  study.  Therefore,  the
research  presented  in  this  paper  aims  to  explore  the  potential  use  of  biomass-based  Hybrid
Renewable  Energy  Systems  to  reduce  the  increasing  MSW  volumes  in  cities  in  SSA,  while  also
providing a sustainable and affordable source of energy. The study focuses on the example of the
energy supply in Abuja, Nigeria, and is the first study to explore integration of AD fed by OFMSW into
a Hybrid Renewable Energy System in SSA. We consider the impact on capital cost and the affordabil-
ity  of  energy  generation,  and  compare  the  techno-economic  feasibilities  for  grid  and  off-grid-
connected options.
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Figure 2. Biomass energy conversion technologies.

2 Study materials and methods

2.1 Project location and constraints

The research was carried out using data from Abuja city, with a population of 1,072,810 (NBS, 2020),
located at latitude 09o 05ʹ 29.28ʺ N and longitude 07o 26ʹ 55.43ʺ E, geographically (Figure 3). This
study focus is to design hybrid renewable energy system that would use OFMSW as feedstock, and the
system will be constrained by the geography of waste collection and the amount of waste. The design
is scaled up by more than one system in place and use about half of the produced waste. The system
electricity generation is designed to serve Abuja locality of ~400 households with about 2,240 kWh
daily electricity consumption.

Figure 3. The spatial study location in Abuja city, Nigeria.
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2.2 Selection of software for energy system analysis and load evaluation

The research was carried out using the Hybrid Optimization of Multiple Energy Resources (HOMER)
Pro software, designed by the National Renewable Energy Laboratory (NREL) in the US in 1992. The
HOMER tool can perform Hybrid Renewable Energy System simulation, optimization and sensitivity
analysis with demonstrable high user friendliness (Table 1;  HOMER Energy, 2021). It simplifies the
task of designing both grid and off-grid-connected power systems, analyzes possible energy resource
combinations and determines the least cost system (Sinha and Chandel, 2014). In this work, HOMER
Pro Edition version 3.14.5 was used as it has an integrated technological and components library
suitable for Hybrid Renewable Energy System modelling.

Studies into biomass-based Hybrid Renewable Energy Systems have increased over the past decade
with the development  of  many using simulation tools,  which bring together  software for  design,
optimization and analysis of  technical  and economic viability (Sinha and Chandel,  2014).  Table 1
shows  an  overview  of  different  hybrid  system  simulation  tools  available.  The  HOMER  tool  is
becoming widely used because decisions about the system configuration, such as best components
for the system, most efficient quantity and size of each component, options for different technologies,
variations  in  costs  and  availability  of  energy  resources,  are  easily  evaluated  using  the  HOMER
algorithms (Sinha  and Chandel,  2014).  Previous  application  of  HOMER in  low to  middle  income
countries are summarized in Table 2.

Table 1. Overview of hybrid system simulation tools.

Software

tools

Input of data in time

series format

Design optim‐

ization

Biogas model

option

CO
2
 ana‐

lysis

Net

metering

User friend‐

liness

HOMER Y Y Y Y Y High

HYBRID2 N N N N N Medium

TRNSYS N Y N N N Medium

i-HOGA Y Y N N Y Low

RETScreen N Y N Y N Low

Note: Adapted from Malik et al. (2020). Y: yes; N: no.

Table 2. Summary of previous applications of the Hybrid Optimization of Multiple Energy Resources (HOMER)
software.

Location Application Source

South-Eastern
Nigeria

Photovoltaic/Biomass/Battery systems designed to provide small
community-based electricity and ~333 liters potable water

Eziyi and
Krothapalli (2014)

Karnataka, India Biomass-based Hybrid Renewable Energy Systems for power
generation in off-grid villages

Suresh et al. (2020)

Himalayas, West
India

Biomass-based Hybrid Renewable Energy Systems in educational
institutes

Malik et al. (2020)

Kallar Kahar,
Pakistan

Grid-connected Biomass/Wind/Photovoltaic system Ahmad et al. (2018)

India Off-grid Biomass/Wind/Photovoltaic/Battery system in villages Balamurugan et al.
(2009)

Fars Province, India Off-grid Biomass/Wind/Photovoltaic/Battery Hybrid Renewable
Energy System design analysis

Jahangir et al.
(2020)
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Location Application Source

Carabao Island,
Philippines

Multi-objective stochastic design for Biomass/Wind/Photovoltaic
system

Li et al. (2019)

Djounde, northern
Cameroon

Photovoltaic/Wind/Biogas/Pumped-hydro off-grid Hybrid System
for rural electrification

Yimen et al. (2018)

The HOMER tool was selected for this work for the following reasons:

Ability to handle much denser simulations than other systems (Malik et al., 2020); 

Wide range of  different  previous  applications  comprising  of  both grid-connected and off-grid
systems (Sinha and Chandel, 2014); 

Techno-economic evaluation of the scenarios using limited data (Mishra et al., 2016); 

Capability to determine the effects of uncertainties in input variables (Malik et al., 2020). 

The methodology used is simply illustrated in Figure 4. The three-step process of the HOMER work-
flow, which involves data input, simulation and output of analytical variables, as depicted in Figure 5.
The study will provide a pre-analysis of Abuja city energy resource availability, electricity load and
project siting which constitute input data for the HOMER calculations. Data on MSW was collected
from the  Abuja  Environmental  Protection Board (AEPB),  population data  was  obtained from the
Nigerian National Bureau of Statistics (NBS),  and Abuja city primary electricity load with current
tariff were obtained from the Nigerian Electricity Regulatory Commission’s (NERC) website. Data on
the solar global horizontal irradiance (GHI) at the project location was generated by HOMER from the
NREL database. Other secondary data, such as component costs, were obtained from relevant market
websites by google search. The data were pre-analyzed to provide specific HOMER input requirement
for the calculation.

Figure 4. Overview of research work methodology.

• 

• 

• 

• 
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Figure 5. Three step process of Hybrid Optimization of Multiple Energy Resources (HOMER) workflow.

To provide HOMER data input for the simulations, the study considered two types of power loads;
primary and deferrable loads. Primary load is a basic electricity need that must be met in a given
period of time. This includes demands such as lighting and motor applications. Primary load data was
obtained from data on residential load provided by NERC (2020) (Figure 6). Deferrable load (Figure
7) is the electrical need that can be met in a flexible time period. This includes demands such as
water pumps for irrigation. Deferrable load data was also obtained from NERC (2020).

A random variation each day of 10% in demand and 20% in the size of hourly time-step was used to
provide a more realistic electricity load profile for the city (Dash et al., 2018; HOMER Energy, 2018).
The supply voltage variation was applied as an increase or decrease in power amplitude with regard
to its nominal value; this was done automatically within the HOMER software with 10% variation
applied to the daily supply, and 20% variation applied to the timing of the supply through the day.
The peak demand needed to cover regular and irregular parametric operations was calculated from
the annual average primary load of the city,   (kW d-1),  and the efficiency of  electrical  energy
usage, known as the load factor,  (proportion),

(1)

The annual average primary load per household of the city ( ) was 2,240 kWh d-1 (NERC, 2020).
This is equivalent to 93 kW d-1 for the city.  The load factor,   (no units),  (Yimen et al.,  2021; 
HOMER Energy, 2021), was calculated as

(2)

where  is the average daily electrical energy usage (5.6 kWh; NERC, 2020) and  is the max-
imum daily electrical energy demand (30.2 kWh; NERC, 2020).

This gives a value of   of  5.6 / 30.2 = 0.19.  The peak demand to cover regular and irregular
parametric operations was, therefore, 93/0.19 = 491 kW d-1.  The minimum size of generator con-
sidered in the simulation was rounded up to 500 kW.

The Abuja city deferrable load input data per household shown in Figure 7 (NERC, 2020) averaged
over the year is  55 kWh d-1,  equivalent to 2.3 kW d-1 as the rated baseline deferrable electricity
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demand each month (Figure 7). Minimum time required to meet deferrable load was assumed to be
40% of each day, so is 40% × 24 hours = 9.7 hours (HOMER Energy, 2021). Therefore, on average, the
power required to serve the deferrable load (peak load) is 2.3 kW × 9.7 h = 22 kW each month. The
deferrable load input data varies according to season (Figure 7); 3.29 kW d-1 for January-April, 1.89
kW d-1 for October-December and 1.73 kW d-1 for May-September (NERC, 2020).  This is because
water pumping requirement in Nigeria is higher during the dry season (October-April) than in the
rainy season (May-September) when precipitation supports water demands. This gives the monthly
power required to serve the deferrable load of 32 kW for January-April, 18 kW for October-December
and 17 kW for May-September. Note that because the deferrable load is usually secondary priority
without specific serving time and the evaluated capacity is only drawn when the system generates
excess power or when the storage tank is empty, the deferrable load does not add to generator size
(HOMER Energy, 2021).

Figure 6. Abuja city daily primary load profile.
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Figure 7. Monthly deferrable load profile.

2.3 System components

The schematic designs compared on-and off-grid hybrid renewable energy systems (Figure 8). The
grid-connected  system  includes  biogas  power  generator  (BPG)  and  photovoltaic  (PV)  arrays  in
addition to  the grid supply,  while  the off-grid system is  limited to  BPG and PV.  Other integrated
system components were the batteries to provide excess power storage from the intermittent supply
by renewable energy resources and the power conversion system, all regulated through the control
station.
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Figure 8. Proposed anaerobic digester of biomass-based grid-connected Hybrid Renewable Energy System model.
Note: Grid component connection omitted for off-grid option. BPG is the biogas power generator, PV P.H30 is the
photovoltaic power panel, BAE12 V 3 PVS 210 is the battery device.

The electricity load is normally connected to an AC-bus route and therefore the design system needs
a converter which changes the DC output from high voltage sources of battery and PV units to fit into
AC power load. The solar system is dependent on the diurnal cycle, which makes it a periodic energy
source that must be backed-up with a storage device. The grid system in Nigeria is usually unreliable
as grid power failure is common (Mukhtar et al., 2021; Charles, 2014). Therefore, the biogas generat-
or serves as the main power source supported by the combined PV, grid and battery sources, aimed at
providing round-the-clock power supply in the city.

2.3.1 Biomass-based power generation

The biomass resource considered as the feedstock for BPG was OFMSW. The electrical potential of the
BPG was calculated as:

(3)

where  is the total electrical potential by the biogas power generation unit (kWh),  is the pro-
portion  of  efficiency  of  conversion  of  energy  in  a  large  generator  (assumed  to  be  0.4  for  high
efficiency centralized generators; Tafdrup, 1995),  is the energetic potential of methane (MJ m-3)
(assumed to be 36 MJ m-3 under standard conditions;  Cuellar and Webber, 2008), and   is the
volume of methane produced (m3 d-1). The volume of methane produced  is assumed to be 60%
of the biogas production rate,  (m3 d-1) (Vogeli et al., 2014), calculated using equation 4.

(4)
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where  was calculated for Abuja city by Dickson et al. (2023) to be 3.06 × 106 (±2 × 105) m3 y-1

(= 8.4 × 103 (±6 × 102) m3 d-1).

2.3.2 Photovoltaic array power generation

The study assumed a Huawei SUN2000 30kW generic flat-plate panel type PV (PV P.H30) based on
model  availability  of  550 kW rated capacity  specified  as  suitable  for  typical  large  hybrid  energy
systems (HOMER Energy, 2021). The module was assumed to be fitted at the DC power bus of the
system. The power output of the PV array,   (kWh), was estimated in HOMER using the equation
provided by Honnurvali et al. (2018)

(5)

where   is the PV power rating (550 kW),   is the derating factor (proportion assumed to be
0.96 after Honnurvali et al., 2018),  is the incident solar radiation (kW m-2),  is the standard
incident solar radiation at 25°C (kW m-2),  is the temperature coefficient (-0.0041 °C-1 from manu-
facturer specifications),  (°C) is the PV cell temperature and  is the PV cell ambient temperat-
ure at standard conditions (25°C; HOMER Energy, 2021).

HOMER generated hourly global radiation ( ) from monthly averages by applying the Holland
and Graham algorithm (Halabi and Mekhilef, 2018). Data on solar radiation potential and clearness
index in Abuja used to generate  and  were downloaded directly from the NREL database.
Solar radiation in Abuja ranges between 4.8 and 6.4 kWh m-2 d-1 (Figure 9).

The PV cell temperature ( ) was estimated as

(6)

where   is the proportion of PV array solar transmittance,   is the proportion of PV array
solar absorptance, with  assumed to be 0.9 (Duffie and Beckman, 1991),  is the coeffi-
cient of heat transfer to the surroundings (kW m-2 °C-1) and  is the proportion of electrical conver-
sion efficiency (0.173) from manufacturer specifications.

The coefficient of heat transfer ( ) was estimated as

(7)

where  is the nominal operating temperature (45°C from manufacturer specifications).
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Figure 9. Abuja monthly solar radiation profile in kWh m-2 d-1 and clearness index.

2.3.3 Battery storage

Batteries  are  the  most  often  used  energy  storage  devices  in  hybrid  renewable  energy  systems,
especially lead-acid deep-cycle batteries considered to as the most commonly available and lower
cost compared to lithium batteries. However, it is important to examine the charge and discharge
specifications of the batteries to enable decisions on optimum number required. This work assumed
BAE Secura PVS Kinetic  Batteries  with specifications of  12 V nominal  voltage,  201 Ah maximum
capacity and 2.41 kWh nominal capacity at 0.245 capacity ratio. This is considered to be the optimal
solution currently available for reliable and robust storage for regenerative energy under extreme
industrial conditions (Yimen et al.,  2021). It is specially designed with tubular electrodes for high
security and reliability as well as high cycle lifetime. Other properties include roundtrip efficiency of
85%, maximum charge and discharge current of 68.4A and 342A respectively at maximum charge
rate of 1A per Ah and a rate constant of 2.09 (1 h-1) (from manufacturer specifications).

In HOMER, the simulation process uses the specified system configuration, while the optimization
process  determines  the  possible  best  feasible  system  configuration.  The  optimum  number  of
batteries  required  in  the  storage  bank,  ,  was  calculated  by  the  optimization  process  using
equation 8 (HOMER Energy, 2021),

(8)

where  is the storage battery life (18 years from manufacturer specifications),   is the life-
time throughput of a single storage unit (kWh), and  is the power throughput for each battery
(kWh y-1). The value of  was calculated as the total amount of power generated each year by the
components of the system that could be stored as,
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(9)

where   is  the  total  electrical  potential  by  the  biogas  power  generation  unit  (obtained  from
equation 3) and  is the power output of the PV array (obtained from equation 5), both in kWh. The
value of  for an individual battery was determined as,

(10)

where  is the nominal capacity (2.41 kWh, from manufacturer specification),  is the roundtrip
efficiency (0.85 as a proportion of total efficiency, from manufacturer specification), and  is the
battery depth of discharge (0.7 as a proportion of total battery charge, from manufacturer specifica-
tion).

2.3.4 Converter

The  system  requires  a  converter  to  maintain  the  flow  of  electrical  power  between  AC  and  DC
components.  A  system  converter  with  capacity  25%  greater  than  the  power  generator  size  is
recommended to allow for potential power surges (Honnurvali et al., 2018). The smallest available
size of converter that provides this capacity is 630 kW (1.25 × 500 kW power generator = 625 kW),
so a 630 kW converter was assumed. The converter was integrated with an inverter parallel to the AC
generator  and  a  rectifier  for  bi-directional  AC-DC  power  conversion.  The  inverter  and  rectifier
efficiencies were both assumed to be a ratio of 0.95 with a 100% relative capacity and a 15-year
lifetime (from manufacturer specifications; HOMER Energy, 2021). The efficiency of the converter, 
(0.95, HOMER Energy, 2021), also referred to as power factor applicable to both inverter and rectifier,
was used to calculate the optimum converter power in-flow capacity,  (kW) in consideration
to the system power generator with highest conversion efficiency (Dash et al., 2018), expressed as

(11)

where  is the energy capacity of the system converter (630 kW).

2.4 Economic evaluation of system performance

The standard criterion for Hybrid Renewable Energy System feasibility assessment in HOMER Pro is
the net present cost,   ($). All feasible component combinations of the system are evaluated by
HOMER based on the system  and the cost of energy,  ($). The value of  is the total dis-
counted value (determining process of present value of all future payments, i.e., nominal cash flow
discounted to year zero) of all expenses and revenues of the system (Sanjay et al., 2021).

(12)

where  is the system total annual cost ($ y-1) and  is the capital recovery factor.

The capital recovery factor ( ) converts the present value into an annual uniform cash-flow series
over the lifetime,  (y), of the project at a given discount rate,  (%).

(13)

In this analysis, the lifetime of the project was assumed to be 25 years and the discount rate was
estimated as,
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(14)

where  is the nominal interest rate assumed to be 12.5% for Nigeria (NBS, 2020) and  is the yearly
inflation rate considered to be 11.25% for Nigeria (NBS, 2020).

The  total  system  costs  ( )  (equation  13,  Yimen  et  al.,  2021)  include  the  capital  cost  of  the
generator ( ), the replacement cost ( ), the operation and maintenance costs ( ) and the
fuel cost ( ), while the revenues include the salvage value of the system ( ), all in $ y-1,

(15)

HOMER calculated the cost of energy ( ) as the ratio of the total system annualized expenses to
the total annualized served energy output (HOMER Energy, 2021; Dash et al., 2018), expressed as,

(16)

where  is the total served power load by the system from both  and , (kWh y-1).

2.4.1 Biomass-based power generation

The   was estimated from the total size of biogas power generator,   (kW), and the capital
cost of a generator per kW,  ($ kW-1),

(17)

As discussed in section 2.2, the on-and off-grid systems in this work assumed a BPG with  = 500
kW default size. The capital cost of the 500 kW BPG generator ( ) was assumed for both grid and
off-grid systems to be equivalent to the capital cost of a conventional diesel generator,   = ~$24
kW-1 (Al-Najjar et al., 2022), giving a total BPG  of $12,000.

The BPG   was assumed to be $10,000 because manufacturers offer a 16.7% re-order discount
rate (Al-Najjar et al., 2022).

The BPG  was assumed to be $0.20 per operating hour, with generic manufacturer specifications
of  a  life  expectancy of  20,000 hours,  at  a  50% minimum load ratio  (Yimen et  al.,  2021;  HOMER
Energy, 2021). HOMER calculates the total   for the BPG entire lifetime by multiplying the per
hour operating cost with life expectancy ($0.20 × 20,000 hours) (HOMER Energy, 2021).

The biomass price was used in HOMER to estimate the annual  fuel  cost  ( )  (HOMER Energy,
2021), as

(18)

where   is  the average biomass cost (assumed to be 25 $ t-1 as this is  the cost of  processing
OFMSW in Abuja; AEPB, 2020),  is the annual mass of feedstock available, estimated from a daily
rate of 1.95 × 102 t d-1 (AEPB, 2020), giving an annual value of 7.12 × 104 t y-1.

The salvage value provided by the system ( ), is the remaining value of the system components at
the end of the project lifetime. It is assumed by HOMER that the value accrual at the end of lifetime of
the project depends on replacement cost ( ) (HOMER Energy, 2021), and is calculated as

(19)
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where  is the remaining life of the component at the end of project (y) and  is the lifetime of
the component (y). The remaining life of the component is estimated as

(20)

where  is the project lifetime (assumed 25 years) and  is the last time the component was re-
placed (y), based on the manufacturer’s specified component lifetime  in a project lifetime 
as

(21)

The lifetime of the BPG ( ) was assumed to be 20,000 hours (from manufacturers specifications)
equivalent to 2.3 years.

2.4.2 Photovoltaic array power generation

The PV panel’s   and   were both assumed to  be $1,900 per  25 kW unit  capacity  with a
manufacturer specification of lifetime of 25 years.

The  of the PV panel was assumed to be $10 kW-1 y-1 (Yimen et al., 2021).

The fuel costs are zero for a PV array.

The  salvage  value  ( ),  was  calculated  assuming   for  PV  is  25  years  from  manufacturer
specifications (HOMER Energy, 2021), with an estimated 1 year .

2.4.3 Battery storage

The battery’s  and  were both considered to be $1,200 assuming an optimum string size of 6
× 12V (72V) connected at the DC bus (Yimen et al., 2021), with the manufacturer specification of 18
years lifetime (HOMER Energy, 2021).

The  and fuel costs are zero for battery string.

The salvage value ( ), is calculated assuming 18 years battery string   from manufacturer
specifications (HOMER Energy, 2021), with an estimated 1.4 years .

2.4.4 Converter

The converter’s   and   were both assumed to be $4,800 per rated capacity (Yimen et al.,
2021), with the manufacturer specification of 15 years lifetime (HOMER Energy, 2021).

The  and fuel costs are zero for converter.

The salvage value ( ), was calculated assuming 15 years converter  from manufacturer spe-
cifications (HOMER Energy, 2021), with an estimated 1.7 years .

2.4.5 System constraints

Two  constraints  were  included  to  determine  the  optimum  configuration;  capacity  shortage  and
operating reserve. Capacity shortage was assumed to be 1%, meaning that any system configuration
without capacity to meet up 99% of annual load and operating demands was discarded. Operating
reserve  provides  additional  system  resilience  for  unexpected  operational  fluctuations  in  power
generation. In this work, the operational reserve percentage for annual peak load was assumed to be
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15%, current time step load was 10%, BPG output was 50% and solar PV output was 20% (Yimen et
al., 2021).

2.5 The grid

The  grid  is  important  in  the  power  generation  system  because  it  provides  a  stable  avenue  for
electricity transaction, where power can be sold-to and bought-from. The generating electricity is
sold  to  the  grid  and  bill  paid  through  net-metering  as  return  on  investment  and  electricity  is
purchased from the grid to feed the Hybrid Renewable Energy System during capacity shortages. This
is referred to as the grid power prices such as the demand and sellback rates. This work considered a
simple grid power demand rate at 0.130 $ kWh-1 (NERC, 2020) and sellback rate at 0.05 $ kWh-1

(NERC, 2020), which constitute the grid-connected economic requirement. This enables the simula-
tions  of  the  systems  with  and  without  the  grid  for  comparison  of  the  technical  and  economic
variations as aimed in this research.

2.6 System optimization variables and search space

The  HOMER  software  automatically  evaluates  all  possible  values  and  combinations  of  variables
within  a  specified  search  space.  It  finds  the  optimum  value  of  each  variable  based  on  system
configuration with lowest net present cost ( ) and lowest cost of energy ( ) consecutively. The
rationale for the choice of minimum and maximum sizes were described for BPG in section 2.2, PV in
section  2.3.2  and  converter  in  section  2.3.4.  The  on-grid  option  limits  the  maximum  size  of  bi-
directional converter which potentially increases with increasing number of batteries to 630 kW by
activating the optimizer  setting only,  since battery requirement is  limited here by choice of  load
following dispatch strategy. However, in the off-grid option both optimizer and search space were
activated with increased of number of configurations to 11 to allow for optimization of number of
batteries required to support stand-alone system output. This increased the maximum converter size
to 900 kW. The range of the variables optimized in the study are summarized in Table 3.

Table 3. Optimization variables and search space of the proposed on-grid system model.

Optimization

variables

BPG size

(kW)

Solar PV array size

(kW)

Number of battery

strings

Bi‐directional converter size

(kW)

Minimum 500 0 0 0

Maximum (on-grid) 610 550 450 630

Maximum (off-grid) 610 550 450 900

Step 16 55 90 90

The values of  for all variable combinations were calculated using two dispatch strategies of (1)
load-following (allows the generator to dispatch only to meet net load) and (2) cycle-charge (allows
the generator to meet net load as well as maximally charging batteries). This was done for both on-
grid and off-grid options. The grid-connected option search space values were 8 for BPG sizes, 11 for
PV array sizes, 6 for battery strings, 8 for converter sizes and two dispatch strategies giving 8 × 11 × 6
× 8 × 2 = 8,437 configurations. The off-grid option values were 8 × 11 × 6 × 11 × 2 = 11,429.
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3 Results and discussion

3.1 Results of optimal system design

The techno-economic features of the top four feasible configurations for grid-connected and off-grid
systems, based on  and , are presented in Tables 4 and 5, respectively. The on-grid configur-
ations in order of most optimal systems (Table 4) were (1) BPG / PV / Converter, (2) BPG / PV / Bat-
tery / Converter, (3) BPG, and (4) BPG / Battery / Converter. The off-grid configurations in order of
most  optimal  systems  (Table  5)  were  (1)  BPG  /  PV  /  Battery  /  Converter,  (2)  BPG  /  Battery  /
Converter, (3) BPG / PV / Converter, and (4) BPG.

Table 4. Optimization result for grid-connected biomass-based hybrid renewable energy system.

Most feasible Hybrid Renewable Energy System simu‐

lated

Specification Units 1 (Best) 2 3 4

System architec-
ture

BPG kW 500 500 500 500

Solar PV array kW 291 299 0 0

Battery No. 0 6 0 6

Converter kW 31.3 34.1 0 4.08

Dispatch strategy LF / CC LF LF LF LF

Cost $
kWh-1

0.0630 0.0632 0.0750 0.0753

$ 2.68 × 106 2.69 × 106 3.02 × 106 3.03 × 106

Total $ y-1 7.05 × 104 7.06 × 104 7.99 × 104 8.00 × 104

Total $ 3.22 × 104 3.99 × 104 9.83 × 103 1.71 × 104

Energy production BPG kWh
y-1

9.43 × 105 9.43 × 105 9.47 × 105 9.47 × 105

PV array kWh
y-1

1.21 × 105 1.21 × 105 0 0

Total energy production kWh
y-1

1.06 × 106 1.06 × 106 9.47 × 105 9.47 × 105

Excess energy produc-
tion

kWh
y-1

4.04 × 105 4.18 × 105 0 0

Capacity factor BPG % 21.5 21.5 21.6 21.6

PV array % 4.74 4.62 0 0

Biomass summary Total feedstock con-
sumed

t y-1 2.95 × 103 2.95 × 103 2.96 × 103 2.96 × 103

Average feedstock per
day

t d-1 8.07 8.07 8.11 8.11

Note: BPG = biogas power generator, PV = photovoltaic power panel, LF = load following strategy, CC = cycle charge strategy,  =

cost of energy,  = net present costs,  = costs of operation and maintenance,  = capital costs, Columns 1, 2, 3, 4

represent the order of the most feasible system categories.
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Table 5. Optimization result for off-grid biomass-based hybrid renewable energy system.

Best feasible Hybrid Renewable Energy System simu‐

lated

Specification Units 1 (Best) 2 3 4

System architec-
ture

BPG kW 500 500 500 500

Solar PV array kW 432 0 191 0

Battery Num-
ber

144 420 0 0

Converter kW 77.3 68.4 65.3 0

Dispatch strategy LF / CC LF LF LF LF

Cost $ kWh-1 0.143 0.169 0.208 0.216

$ 4.51 × 106 5.31 × 106 6.55 × 106 6.81 × 106

Total $ y-1 1.14 × 105 1.27 × 105 1.74 × 105 1.81 × 105

Total $ 2.16 × 105 5.14 × 105 2.49 × 104 9.84 × 103

Energy production BPG kWh y-1 1.39 × 106 1.51 × 106 2.16 × 106 2.25 × 106

PV array kWh y-1 1.04 × 105 0 9.87 × 104 0

Total energy production kWh y-1 1.50 × 106 1.52 × 106 2.25 × 106 2.25 × 106

Excess energy produc-
tion

kWh y-1 1.32 × 106 6.74 × 105 1.66 × 106 1.41 × 106

Capacity factor BPG % 31.9 34.6 49.2 51.3

Solar PV array % 2.75 0 5.89 0

Biomass summary Total feedstock con-
sumed

t y-1 4,370 4,751 6,757 7,050

Average feedstock per
day

t d-1 12.0 13.0 18.5 19.3

Note: BPG = biogas power generator, PV = photovoltaic power panel, LF = load following strategy, CC = cycle charge strategy,  =

cost of energy,  = net present costs,  = costs of operation and maintenance,  = capital costs, Columns 1, 2, 3, 4

represent the order of the most feasible system categories.

The  best  (lowest   and  )  options  for  both  grid  and  off-grid  Hybrid  Renewable  Energy
Systems are shown in category 1 of Tables 4 and 5. The grid-connected option is a better system with
lower  of $2.68 × 106 and  of $0.063 per kWh compared to the off-grid option which had a
higher  of $4.51 × 106 and  of $0.143 per kWh.

The discounted cash flows (determining the present value of all future payments i.e. nominal cash
flow discounted to year zero) by components for the best grid-connected and off-grid systems are
presented in Figures 10 and 11, respectively. The column bars show the year at which each cash flow
occurs from the project start date. Cash flows in both options were mainly costs, therefore appear as
negative values. Revenue from sale of power is not counted in the cash flows presented here because
they will usually be adjusted to ensure at least break-even for the generating company. The costs in
year 1 of the graphs suggest dominance of capital expenses of PV and BPG (and batteries in the off-
grid system). Fuel, operation and maintenance costs occur each year. Also shown are the years of the
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component replacement costs; in the off-grid system, this occurs for batteries in year 18, but then
also provides higher revenue as salvage at the end of the project. Salvage revenue occurs in the grid-
connected system every year due to discounted cost of storage device eliminated by grid electricity
supplies especially at the project start.

The overall fueling costs of the system over 25 years were estimated to be $2.77 × 106 for the grid-
connected and $4.11 × 106 for the off-grid system. The fuel costs in the best configurations accounted
for 92% of total cost in grid-connected option and 87% in off-grid option, significantly higher than
the overall capital costs in each system, at $3.22 × 104 and $2.16 × 105 respectively. The overall capit-
al cost for the grid-connected option was dominated (69%) by the PV array , while that of the off-
grid option was dominated (80%) by  of the battery devices. The grid-connected system had a
significantly higher  of $1.59 × 105, dominated by the cost of purchasing power from the grid to
balance supply (88%), while the off-grid system was lower at $3.95 × 104 dominated by purchase of
feedstock for the BPG (84%). Total component replacement for the lifetime of the grid-connected
option at discounted rates was $5.11 × 104, dominated by BPG (99%) with most of the remaining 1%
being for converter replacement cost. The off-grid component replacement costs were higher, $3.69 ×
105, 80% of which was for the costs of replacing 144 batteries, 20% for BPG and 1% for the converter.
Salvage values of the projects are excluded from this analysis of investment costs.

Figure 10. Grid-connected discounted cash flow by system components. Note: BPG = biogas power generator, PV =
photovoltaic power panel, Salvage = the system value gain after all depreciation costs.
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Figure 11. Off-grid discounted cash flow by system components. Note: BPG = biogas power generator, PV =
photovoltaic power panel, Batteries = BAE Secura PVS Kinetic Batteries which saves cost of power purchases, Salvage
= the system value gain after all depreciation costs.

Figures 12 and 13 present grid-connected and off-grid monthly output of power generation from the
proposed systems.  The best  grid-connected system had three main distributed power producers,
comprising AD-based BPG with 9.43 × 105 kWh y-1, PV array 1.21 × 105 kWh y-1 and grid power pur-
chases of 7.55 × 104 kWh y-1. The off-grid system had only the BPG and PV array, accounting for 1.39
× 106 kWh y-1 and 1.04 × 105 kWh y-1 electricity outputs, respectively. The AD-based BPG generates
82.8% of the total energy produced by the grid-connected system, and 93% in the off-grid system.
This makes it the major power producer in both systems; the PV array generated only 10.6% and
6.95% of total energy, respectively.
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Figure 12. Grid-connected monthly output of power generation. Note: BPG = biogas power generator, PV = photovoltaic
power panel, Grid = is the existing power source facility which provides power to the system at project start and at
generation down time.

Figure 13. Off-grid monthly output of power generation. Note: BPG = biogas power generator, PV = photovoltaic power
panel.

Excess energy output (surplus power generation by the system) for the grid-connected system was
4.04 × 105 kWh y-1 and even higher for the off-grid system at 1.32 × 106 kWh y-1, representing 35.5%
and 88.1% of the total  power outputs,  respectively.  The excess energy showed no unmet period-
demand loads in either option; that is, the system met all primary loads and allowed batteries to be
fully charged. Both systems produced maximally to meet target loads, as there was no power capacity
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shortage (power shortfall to meet demands) in the grid-connected system, and only 9.95 kWh y-1 (an
insignificant 0.027 kWh) in the off-grid option which was complimented by the power storage device.

Figures 14 and 15 present the average per hour monthly consumptions of fuel for grid and off-grid
systems respectively. The results suggest that fuel consumption is distributed evenly across months
in both options. The grid-connected option had a total feedstock consumption of 2.95 × 103 t y-1 with
3,537 annual operating hours, while off-grid option had 4.37 × 103 t y-1 with 5,350 annual operating
hours.

Figure 14. Grid-connected system average per hour monthly fuel consumption. Note: the line inside the box indicates
the median value, the height of the box indicates the upper quartile, and the whisker indicates the upper extreme
value.

Figure 15. Off-grid system average per hour monthly fuel consumption. Note: the line inside the box indicates the
median value, the height of the box indicates the upper quartile, and the whisker indicates the upper extreme value.

3.2 Relevance of system comparison

The  optimum  configurations  for  the  grid-connected  option  of  the  distributed  Hybrid  Renewable
Energy System indicated a   of 0.063 $ kWh-1, 56% lower than the off-grid system, which had a

 of 0.143 $ kWh-1. This is also 52% less than the current conventionally generated power tariff of
0.130 $ kWh-1 in Abuja (AEDC, 2020;  Eziyi and Krothapalli, 2014). The grid-connected option will
therefore provide improved affordability of energy for the citizens of Abuja; similar opportunities
might be possible in other low-income countries. The optimum grid-connected option used 93.3%
renewable  energy,  so  supporting  the  UN  clean  energy  mission  (SDG7),  which  aims  to  achieve
affordable, reliable and modern energy access. The higher   for the off-grid system suggests ad-
dressing the city’s energy needs using a stand-alone renewable power system is not the best option.

Average annual availability of OFMSW in Abuja city was 9,664 t y-1 in 2020, but the optimum systems
used only 2,946 t y-1 (~31%) in the grid-connected option and 4,370 t y-1 (~45%) in the off-grid op-
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tion for the production of biogas, which in turn generated 83% and 93% of the total energy fraction
in each option, respectively. These estimated feedstock fractions met the electrical load, with excess
electricity generation resulting from a continuous supply from other integrated renewable sources
estimated at 403,767 kWh y-1 for grid-connected option and 1,320,965 kWh y-1 for off-grid option.
The  energy  generation  from  the  grid-connected  BPG  was  942,633  kWh  y-1 with  total  energy  of
1,542,545 kWh y-1 including PV, excess energy and grid-contribution, while for off-grid BPG it was
1,395,877 kWh y-1 with total energy of 2,821,151 kWh y-1 including PV and excess energy. This sug-
gests that using all of the OFMSW in the two systems could generate a total power of 3,491,576 kWh
y-1 (equivalent to 3,492 MWh y-1) in the grid-connected option and 3,431,430 kWh y-1 (equivalent to
3,431 MWh y-1) in the off-grid option. The annual power generation potential from both options is
therefore 4% of the total power requirement of Abuja city. Biogas use could also be extended for use
as cooking, heating and transportation fuels, thereby contributing towards global access to cleaner
energy. This is especially important in SSA, where 83% of the population lack access to clean energy
(Yimen et al., 2021). The expansion potential of the energy production capacity using MSW and the
economic benefits of the optimal Hybrid Renewable Energy System technology make this a feasible
proposal in Abuja city.

The results of this study indicate that a Hybrid Renewable Energy System, using biomass integrated
with the conventional energy generation system, has the potential to contribute to the city’s power
demands, generating more affordable and clean energy. It could also contribute to global reduction of
greenhouse gas emissions, decreasing Nigeria’s dependence on fossil fuels. The higher CO2 emissions
reported in the grid-connected option (3.66 × 101 kg CO2e kg-1) compared to the off-grid option (3.64
× 101 kg CO2e kg-1) is associated with the fossil-fuel source of grid power purchases, but even this is
insignificant (0.00019%) compared to current emissions from Abuja of 1.89 × 107 kg y-1 (Emission
database for global atmospheric research, 2020). This also contributes to the UN-SDG13 on sustain-
able  mitigation  of  climate  impacts  by  adopting  Hybrid  Renewable  Energy  System technology  for
power generation. Affordable energy access could improve life in Abuja by contributing to citizen
business empowerment, innovations and skill acquisitions (UN-SDG9), thereby promoting sustain-
able development, creating employment opportunities and improving living standards (Bamisile et
al.,  2020;  2021).  This  study  provides  the  first  analysis  of  the  potential  of  an  AD-based  Hybrid
Renewable Energy System in Abuja city.

4 Conclusion

This work has identified the optimum system configurations for Hybrid Renewable Energy Systems
in Abuja, and estimated costs and power generation capacities of on- and off-grid systems. The grid-
connected option used 83% renewable energy and was 52% cheaper than the current conventional
generated power tariff in Abuja. The off-grid option cost 56% more than the on-grid system, with
68%  higher  .  Both  systems  were  capable  of  contributing  to  energy  generation  by  Hybrid
Renewable Energy System, providing ~4% of the Abuja city energy demand and significantly improv-
ing affordable power access while also reducing the volume of municipal solid waste that must be
disposed of.
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