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Abstract: This study investigates a hybrid renewable energy system combining the munici-
pal solid waste (MSW) gasification and solar photovoltaic (PV) for electricity generation in
Lobito, Angola. A fixed-bed downdraft gasifier was selected for MSW gasification, where
the thermal decomposition of waste under controlled air flow produces syngas rich in
CO and H2. The syngas is treated to remove contaminants before powering a combined
cycle. The PV system was designed for optimal energy generation, considering local solar
radiation and shading effects. Simulation tools, including Aspen Plus v11.0, PVsyst v8,
and HOMER Pro software 3.16.2, were used for modeling and optimization. The hybrid
system generates 62 GWh/year of electricity, with the gasifier contributing 42 GWh/year,
and the PV system contributing 20 GWh/year. This total energy output, sufficient to power
1186 households, demonstrates an integration mechanism that mitigates the intermittency
of solar energy through continuous MSW gasification. However, the system lacks surplus
electricity for green hydrogen production, given the region’s energy deficit. Economically,
the system achieves a Levelized Cost of Energy of 0.1792 USD/kWh and a payback period
of 16 years. This extended payback period is mainly due to the hydrogen production
system, which has a low production rate and is not economically viable. When excluding
H2 production, the payback period is reduced to 11 years, making the hybrid system more
attractive. Environmental benefits include a reduction in CO2 emissions of 42,000 t/year
from MSW gasification and 395 t/year from PV production, while also addressing waste
management challenges. This study highlights the mechanisms behind hybrid system
operation, emphasizing its role in reducing energy poverty, improving public health, and
promoting sustainable development in Angola.

Keywords: green H2; hybrid system; municipal solid waste gasification; photovoltaic
system

1. Introduction
The growing global demand for energy, driven by population growth and industrial-

ization, continues to rely heavily on non-renewable sources, accounting for over 80% of
primary energy consumption (Table 1) [1].
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Table 1. Total primary consumption of renewable and non-renewable energies worldwide in 2023 [1].

Energy Source Consumption in 2023 (%)

Crude 31.70
Coal 26.47

Natural gas 23.30
Hydropower 6.40

Other renewable energies 8.16
Nuclear (non-renewable source) 4.00

As can be seen in Figure 1, in Angola, despite the predominance of hydropower in the
energy mix (74.62%), electrification rates remain critically low, with only 42.8% coverage
in urban areas and less than 10% in rural regions. This has led to widespread reliance on
costly and polluting diesel generators [2,3].

Figure 1. Electricity production by sources in Angola [2].

Poorly managed municipal solid waste (MSW) exacerbates public health risks, con-
tributing to endemic diseases caused by exposure to harmful compounds. Addressing
these challenges requires innovative solutions that simultaneously mitigate environmental,
energy, and public health issues. Hybrid renewable energy systems, integrating MSW
gasification with solar photovoltaic (PV) technology, offer a promising pathway. The syn-
ergies between these sources ensure reliability, reduce intermittency, and promote energy
security [4–7].

Freris and Infield [8] point out that the synergies between different renewable sources
are clearly too important to ignore and can often make the combined exploitable potential
greater than the sum of the parts considered in isolation. Soudagar et al. [9] indicate that
hybrid systems complement each other to overcome the variable nature of renewable energy
sources, such as solar and wind energy, and that, in conjunction with the storage system,
they can improve system reliability, energy security, and sustainability. Lee et al. [10] and
Alhijazi et al. [11] corroborate this, describing that single-source energy systems (PV and
wind) can be unreliable and inefficient in terms of costs, given their intermittent availability,
which interrupts the permanent supply of energy. Hybrid systems, on the other hand,
increase energy storage capacity, reduce the cost of energy production, improve power
quality, and increase total energy efficiency.

The use of MSW, for example, to generate energy helps to avoid the intermittency of a
single-source renewable energy system if both sources are combined [10]. These hybrid
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systems also offer greater flexibility in the use of local renewable resources and have a
higher potential for local employment.

El-Sattar et al. [12] carried out a study on an optimal hybrid system design of PV
units, biomass gasification, an electrolyzer, and a fuel cell, for a remote area in Egypt, to
meet the electricity demand, with a peak load of 420 kW. The study was developed using
algorithms conducted in MATLAB and applied to solve the optimization problem related
to the suggested configuration.

Another study was carried out in Egypt by El-Sattar et al. [13], which aimed to size a
hybrid off-grid PV system with biomass gasification and a battery, using a quantum model
of the Runge–Kutta optimization algorithm. The results showed that the modification
algorithm gives the best fitness function in terms of costs of energy, net present cost, and
loss of power supply probability.

Cano et al. [14] conducted a techno-economic assessment of a hybrid energy system in
an isolated area of Ecuador using HOMER Pro v3.16.2 software. The system integrated 5 kW
hydrokinetic turbines, 140 PV panels (35 kWp), batteries, and 70 kWe biomass gasifiers,
which powered a 110 kWh gas microturbine to ensure electricity availability when solar
and hydrokinetic sources were insufficient. The results confirmed the system’s feasibility
by demonstrating reliable energy production, cost-effectiveness, and enhanced stability
through diversified energy sources.

The study by Campos et al. [15] evaluated a biomass–solar hybrid renewable energy
system for João Pinheiro City (Brazil), using Ebsilon Professional software. It focused on
energy, economic, and ecological aspects. The system achieved an overall energy efficiency
of 17.43% and a Levelized Cost of Energy (LCOE) of 0.034 USD/kWh. The eco-efficiency
indicator showed the environmental benefits of this system.

Another study carried out with HOMER Pro v3.16.2 was conducted by Ribó-Pérez
et al. [16], which concerned the modeling of biomass gasifiers and hybrid renewable energy
microgrids in rural communities in Honduras and Zambia. This study indicated that the
hybrid system analyzed was technically and economically viable.

The research by Yew et al. [17] developed an optimal hybrid renewable energy system
in HOMER Pro v3.16.2 software for Johor, Malaysia, integrating solar and biomass energy
sources. The system, consisting of a 4075 kW PV, a 2100 kW biomass gasifier, 9363 battery
units, and 1939 kW converters, proved to be cost-effective. It meets residential load
demand with minimal unmet electric load and capacity shortage. This research highlights
the economic viability and technical feasibility of a solar–biomass system.

An evaluation of the performance of a solar PV system combined with a biomass
gasifier for electricity generation by Macías et al. [18] was carried out in Central and South
America. The system consisted of a downdraft fixed-bed gasifier connected to a 30 kWe
motor generator and a 5 kWe solar PV system, with a battery storage system.

The study by Xin et al. [19] introduced a biomass–solar hybrid system for sustainable
fuel production, integrating solar-driven biomass gasification and PV electrolysis. The
system improved energy efficiency by 6.57% and reduced the levelized cost of fuel by
12.5%. It also achieved a significant reduction in greenhouse gas (GHG) emissions, with an
estimated −0.56 kg of CO2 equivalent per kg of methanol produced.

In the studies referred to above, involving the hybrid systems of biomass gasification
with PV systems, the common raw materials used are agro-industrial wastes such as
sugarcane bagasse, eucalyptus, rice husks, palm kernel shells, coffee husks, pine needles,
and rice straws, among others. However, there have been studies on the use of MSW in a
hybrid PV system [20–22]. For example, Balan et al. [21], in a study carried out in Romania,
made a techno-economic analysis of the on-grid hybrid system consisting of a 2.5 MW PV
source and an MSW gasifier coupled to a 250 kWe internal combustion engine generator
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set. PV production is prioritized in the system, operating from 8 a.m. to 4 p.m., and the
MSW gasification generator acts as a backup only in situations where PV production is
not available.

Sun and Tang [22] studied, in China, using Aspen Plus v11.0 software, an MSW
gasification process integrated with solid oxide water electrolysis technology powered
by PV panels to generate electricity and produce fuels such as methane, methanol, and
dimethyl ether (DME). Pan et al. [20] carried out a similar study; however, the difference
lies in the fact that theses authors focused on the technology for producing methane from
the syngas generated, enriched by hydrogen (H2) from water electrolysis.

Previous studies have explored some hybrid systems in diverse contexts, emphasizing
their technical and economic viability. However, little research has been conducted on
integrating MSW gasification and PV systems in developing regions like Lobito (Angola),
where energy poverty and waste mismanagement are acute. To address this knowledge
gap, this research seeks to answer the following research questions:

• How can the integration of MSW gasification and PV systems contribute to sustainable
electricity generation in Lobito, Angola, a developing region?

• What are the technical, economic, and environmental impacts of implementing a
hybrid MSW-PV energy system, including its feasibility in reducing energy poverty
and improving waste management?

• Under what conditions can the hybrid system generate surplus electricity to sup-
port green hydrogen production through water electrolysis, and what are the key
limitations in the current energy framework?

By addressing these questions, this research aims to explore the potential of combining
a gasification plant of municipal solid waste (MSW) and a solar PV system to generate
electricity and ensure a reliable power supply in Lobito, Angola. The primary objective
is to evaluate the effectiveness of MSW gasification in electricity generation. Given that
the current site for MSW landfilling has sufficient area and considering Lobito’s potential
for generating electricity through solar radiation, this study incorporates a PV system to
evaluate the potential of the hybrid system (MSW gasification + PV system).

The electricity production from gasification is based on MSW arriving at the landfill,
rather than waste already deposited (urban mining). The process involves generating
syngas from the incoming MSW, which is then gasified on site. The resulting electricity is
directly supplied to the grid, ensuring efficient local electric energy generation without the
need to transport syngas to other locations. If a significant energy surplus is identified, the
feasibility of producing green hydrogen (H2) through water electrolysis is assessed. While
this study includes an assessment of green hydrogen production via water electrolysis, it is
recognized that this component’s feasibility depends on the availability of electricity excess,
which remains constrained in the current Lobito energy framework.

To achieve these aims, a modeling and simulation study was developed to evaluate the
potential for electricity generation. For the PV system, data from PVGIS v5.3 [23], the PVsyst
version 8 software, and MS Excel spreadsheets were utilized. A simulation of an MSW
gasifier was conducted using Aspen Plus version 11.0. Both systems were integrated within
the hybrid systems simulation software, HOMER Pro v3.16.2 version 3.16.2, incorporating
an electrolyzer to assess the potential for green hydrogen generation from the electrical
surplus of both systems.

This study is innovative, as there are currently no prior studies in the Lobito region and
very few in Angola and Africa, making it a pioneering work in exploring the integration of
MSW gasification and solar PV for electricity generation in this region. The novelty of this
research lies in its comprehensive approach to modeling and simulating a grid-connected
hybrid renewable energy system, which has not been previously attempted in Lobito. By
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utilizing advanced simulation tools such as PVGIS v5.3, PVsyst v8, Aspen Plus v11.0, and
HOMER Pro v3.16.2, this study provides a robust framework for evaluating the potential
of hybrid renewable energy systems.

This research contributes to several key areas:

• Renewable energy integration: It advances the understanding of how MSW gasi-
fication and solar PV can be effectively combined to enhance energy security
and reliability.

• Sustainable waste management: It offers insights into the use of MSW produced in
Lobito as a valuable resource for energy production, promoting sustainable waste
management practices.

• Environmental benefits: It aims to demonstrate the potential for a significant reduction
in fossil CO2 equivalent emissions through the adoption of renewable energy systems,
contributing to global efforts to mitigate climate change.

• Green hydrogen production: By assessing the feasibility of green hydrogen genera-
tion from excess electrical energy, the research explores an innovative pathway for
hydrogen economy development.

Furthermore, this research provides practical implications for local authorities and
policymakers by showcasing the potential benefits of implementing hybrid renewable
energy systems in urban areas. The findings of this study could serve as a reference for
future energy planning initiatives, encouraging the inclusion of innovative energy recovery
projects from MSW in developing countries.

2. Methodology
Figure 2 presents a flowchart illustrating the key methodological steps followed in

this study.

 

Figure 2. Methodological flowchart.

The methodology includes data collection on MSW composition and solar energy
potential, system modeling and simulation using specialized software, validation and
optimization processes, and the final analysis of results. This structured workflow ensures
a comprehensive evaluation of the feasibility of the hybrid system.

2.1. Modeling and Simulation of an MSW Gasification Unit

Gasification is a thermochemical process that converts organic materials, such as
MSW, into a combustible gas mixture, called syngas, under the controlled conditions of
temperature and oxygen [24–26]. The primary reactions include the following:
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1. Pyrolysis: The thermal decomposition of waste in the absence of oxygen, producing
char, tar, and volatile gases.

2. Combustion: The partial oxidation of carbon-based materials to generate heat for
sustaining the process (e.g., C + 0.5 O2 → CO; ∆H = −111 MJ/kmol).

3. Reduction: The conversion of CO2 and water vapor into CO and H2 via reactions
such as the water–gas shift (CO + H2O → CO2 + H2; ∆H = −41 MJ/kmol) and the
Boudouard reaction (C + CO2 → 2 CO; ∆H = +172 MJ/kmol).

For the success of modeling the process flowchart on Aspen Plus v11.0, it was necessary
to rely mainly on the models used by Begum et al. [27] and Moshi et al. [28]. Their
studies only provide generic and contextual data; therefore, it was necessary to survey
the Lobito Municipal Administration to obtain specific information related to MSW. As
this government body does not have some data, it was necessary to resort to bibliographic
data provided by the World Bank and the African Development Bank and studies on waste
composition in similar contexts.

Considering the total number of residents currently estimated in Lobito is at
484,351 inhabitants, a total amount of around 200 t/day (wet weight) of MSW gener-
ated is estimated at a conservative production rate of 0.41 kg/(day.inhabitant). Thus, the
processing capacity of the gasification system sized in this study was 200 t/day (wet weight)
with an average water content of 39.47%.

According to the World Bank, Angola falls into the group of lower-middle-income
countries. Using the data provided by Dong [29] and Hadi [30] regarding the typical
percentage of materials present in MSW, it was possible to establish an average composition
of MSW in the city of Lobito (Table 2).

Table 2. Estimated proximate analysis of MSW from Lobito.

Proximate Analysis Wt%

Moisture 39.47
Fixed carbon 6.45

Volatile matter 13.95
Ashes 40.13

The elemental composition of the MSW from the city of Lobito was estimated as
having the values shown in Table 3.

Table 3. Estimated elemental composition of MSW from Lobito (values expressed as % of dry matter).

Chemical Element Wt%

Carbon 33.97
Hydrogen 4.27
Nitrogen 1.14
Chlorine 0.02

Sulfur 0.14
Oxygen 20.33
Ashes 40.13

Proximate analysis (Table 2) was inserted into the Phyllis online database [31], from
which the low heating value (LHV) of Lobito’s MSW was automatically calculated as
7.82 MJ/kg. While this value exceeds typical LHVs reported for MSW in other cities in
developing countries, it reflects the relatively low fraction of organic waste and the high
proportion of non-biodegradable materials such as plastics and textiles in Lobito’s MSW. It
is recommended that future research studies include additional local surveys and waste
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characterization campaigns to further refine these estimates and improve their statistical
robustness and repeatability, as the Phyllis online database is mainly a European database,
probably not applicable to Angola’s reality.

The gasifier modeled in this study is a fixed-bed downdraft gasifier due to its advan-
tages in handling MSW with varying moisture and ash contents. However, it is important to
note that this selection serves as a reference for analysis and does not imply that it is the only
viable gasification technology. Depending on specific implementation conditions, other con-
figurations such as fluidized-bed gasifiers may offer operational advantages, particularly
in terms of mixing efficiency and adaptability to heterogeneous waste compositions.

The key operating parameters were modeled, including the equivalence ratio (ER),
gasification temperature, MSW flow rate, and air flow rate. The ER used was 0.1, and
the injection and proper distribution of air within the system were managed through a
FORTRAN statement defined in the calculator (C-2) of the Aspen Plus v11.0 flowchart.

It is important to note that in calculator C-2, the equation aimed to determine the
mass flow rate of the feedstock stream by accounting for its pure and non-conventional
components while subtracting the mass flow rates of O2 and N2 already present in the
stream. Since both are components of air, this adjustment ensured a properly balanced air
supply. Equation (1) was used:

.
mag = ER ×

( .
m f eed

XO2

− .
mO2 −

.
mN2

)
(1)

where
.

mag—the mass flow rate of the gasifying agent injected into the system (kg/h).
.

m f eed—the total mass flow rate of the feedstock stream (kg/h).
XO2—the mass fraction of O2 in the gasifying agent, which can vary between 0.21 and 1.
.

mO2—the mass flow rate of O2 present in the feedstock stream (kg/h).
.

mN2—the mass flow rate of N2 present in the feedstock stream (kg/h).
ER—the equivalence ratio, ranging from 0.1 (partial oxidation) to values greater than 1
(complete oxidation).

To ensure downstream applications, the syngas underwent preliminary treatment to
remove ash (cyclones) and tar (condensation). The advanced removal of contaminants like
HCl and H2S, though beyond this study’s scope, was discussed as essential for long-term
system viability and syngas quality. Key outputs included syngas composition, LHV, Cold
Gas Efficiency (CGE), and Carbon Conversion Efficiency (CCE). The syngas composition,
dominated by CO, H2, and CH4, was validated against bibliographic data, ensuring the
model’s reliability.

The proposed model for the MSW gasification system is shown in the simplified block
diagram in Figure 3 and detailed in the process flowchart in Figure 4. Much of the data
used for modeling purposes in Aspen Plus v11.0 was mainly obtained from the available
literature [27,28].
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Figure 3. Simplified process diagram of the gasification system with electricity generation.

The model was developed under the following assumptions:

• The process runs in a steady-state condition.
• The combustion and reduction blocks are isothermal.
• Char is assumed to consist of carbon and ash.
• Ash does not participate in the chemical reactions as it is considered inert.
• All the sulfur is converted into H2S.
• All the chlorine is converted into HCl.
• No nitrogen oxide is formed, but only NH3 is produced; however, its content is so low

that it does not cause significant inaccuracies in the simulation.

The flowchart shown in Figure 4 illustrates the MSW gasification and subsequent
electricity generation. It is structured into several sections to depict each stage of the process:

1. Drying: This stage removes moisture from the waste material using a dryer and a
drying drum, operating at temperatures up to 120 ◦C.

2. Pyrolysis: The dried waste undergoes thermal decomposition in the absence of oxygen
in a pyrolysis reactor at a temperature of 650 ◦C, producing pyrolysis gas.

3. Gasification: The pyrolysis gas and remaining waste are converted into syngas (a
mixture of H2 and CO), with the assistance of an air compressor, with gasification
occurring at up to 750 ◦C.

4. Syngas treatment: The syngas is cleaned and conditioned to remove impurities like
ash and tar using components such as cyclones and separators.

5. Power Recovery Unit 1: The cleaned syngas is used to generate electricity through a
gas turbine, connected to a power generator.

6. Power Recovery Unit 2: Waste heat from the gas turbine is used to generate additional
electricity through a vapor turbine, connected to another power generator.
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Figure 4. Flowchart of the MSW gasification process modeled in Aspen Plus v11.0 (C-1 calculator; C-2 calculator; C-3 calculator).
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2.2. Modeling and Simulation of a Photovoltaic Solar Power Plant

The solar PV system design and energy yield were analyzed using local solar radiation
data, panel specifications, and shading simulations. The PVsyst v8 software provided
detailed reports on the performance ratio (PR), energy losses, and environmental benefits
(e.g., reduction in CO2 equivalent emissions).

Since the intention is to model a hybrid system, the PV system is proposed to be in-
stalled in the vicinity of the Lobito dump (12◦23′39.53′ ′ S; 13◦38′11.92′ ′ E), which, according
to the Google Earth simulation, currently has a perimeter of approximately 2 km and an
area of approximately 15 hectares (Figure 5). Therefore, by installing the gasification plant
to process the majority of the MSW and considerably reducing the need for additional
landfill space, this study proposes allocating 5 hectares for the solar PV installation.

 

Figure 5. Current MSW disposal zone in the Lobito landfill.

Since Lobito is located in the Southern Hemisphere, the PV panels will have to be
oriented in the Northern direction. The optimum angle and azimuth positions were
analyzed using the European Commission’s PVGIS v5.3 database [23]. PVGIS recommends
an optimum angle of 15◦ and an azimuth of −179◦ (−1◦ in PVsyst v8). Since the site where
the system will be installed does not have an azimuth of 180◦ (0◦ in PVsyst v8), the panels
will have to be installed according to the layout of the field. Therefore, the optimum angle
of 15◦ was maintained when configuring the system in PVsyst v8, and the azimuth was set
to −20◦ (−160◦ in PVGIS v5.3).

The PV module with the highest peak power currently available was chosen—model
UP-M670MH-66G12—made of monocrystalline silicon by Upsolar (Shanghai, China), man-
ufactured in 2021, with a peak power of 670 Wp. Table 4 shows some of the data available
on the manufacturer’s datasheet.

The inverter for the installation was selected based on the criterion outlined in
Equation (2):

70% × Pinst < Pinvert < 120% × Pinst (2)

where Pinst is the power peak of the installation and Pinvert is the nominal inverter power.
Therefore, the Sungrow’s inverter model SG2500-HV-20 (production in Hefei, Anhui, China;
headquarters in Costa Mesa, CA, USA) was selected, with 2500 kW of nominal AC output
power. Table 5 shows the main data of the selected inverter, according to its respective
datasheet. Since the installation of the PV system was considered in the same location as
the MSW gasification plant, its layout and possible shadowing effects were simulated in
PVsyst v8 and SketchUp v2023.0 software by building the 3D scenario. The structure, with
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an approximate area of 3 hectares for a 200 t/day capacity MSW plant, was oriented to the
South, opposite the PV module faces, to prevent shading (Figure 6).

Table 4. Features of the UP-M670MH PV module.

Parameter Value

Peak power 670 Wp
Voltage at maximum power, VMPP 38.15 V
Current at maximum power, IMPP 17.562 A

Open-circuit voltage, VOC 45.85 V
NOCT 45 ◦C

Short-circuit current, ISC 18.600 A
Maximum acceptable temperature 90 ◦C
Minimum acceptable temperature −40 ◦C

Maximum efficiency 21.57%
Length 2.384 m
Width 1.303 m

Coefficient of power (αp) −0.34%
No-load stress coefficient (αVoc) −0.25%

Short-circuit current coefficient (αIsc) 0.040%

Table 5. Features of the SG2500-HV-20 inverter.

Parameter Value

Rated and maximum AC power 2500 kW and 2750 kW
Maximum efficiency 99%

Umin. MPP 800 V
Umax. MPP 1300 V
Umax. inv. 1500 V

IMPP 3508 A
Weight 6500 kg

Length × Width × Height 2591 m × 2438 m × 2991 m

 

Figure 6. Simulating shading in SketchUp v2023.0 software.
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2.3. Simulation of System Integration: MSW Gasification, Solar PV Plant, Water Electrolysis, and
Public Electricity Grid

The integration of the systems was analyzed through modeling and simulation in the
HOMER Pro v3.16.2 software. The hybrid system was modeled by inserting (a) an electrical
grid component, (b) a syngas generator producing the same electrical power obtained
in the Aspen Plus v11.0 simulation, (c) a solar PV system with the same peak power as
that obtained in the PVsyst v8 sizing, (d) a water electrolyzer, (e) a hydrogen tank, and
(f) a fuel cell, in a system with a load that was calculated to have a peak power demand
of approximately 770 MW, corresponding to the Lobito region. Figure 7 summarizes the
hybrid system modeled in HOMER Pro v3.16.2.

Figure 7. Hybrid system simulated in HOMER Pro v3.16.2.

The water electrolysis system was included in the hybrid model, in HOMER Pro
v3.16.2, to assess its potential under the hypothetical scenarios of electricity surplus. How-
ever, given the current deficit in electricity supply in the region, the practicality of this
component remains limited and contingent on future production capacity expansions.

Rather than representing an existing commercially available unit, the model incorpo-
rates typical electrolysis parameters, including efficiency, the hydrogen production rate,
and operational constraints, based on industry data.

This approach allows for an optimized simulation of the system’s performance without
relying on a specific supplier or custom-built prototype. Future studies may explore
commercially available electrolysis systems to validate the assumptions made in this model.

Metrics such as LCOE, electricity production (GWh/year), and payback period (years)
were calculated and generated in HOMER Pro v3.16.2. The model incorporated hourly
load data for the Lobito region to assess grid reliability and penetration rates.

A 5 MW gasifier was designed to process 200 t/day of MSW, producing syngas with a
lower heating value (LHV) of 8.69 MJ/kg. Operating continuously for 24 h, the gasification
unit compensates for the intermittency of solar PV, ensuring a steady power supply. This
hybrid approach underscores the essential role of gasification in renewable energy systems,
especially in areas prone to energy shortages.

The solar PV system was configured based on the information made available through-
out the study on PVsyst v8.

An electrolyzer with a capacity of 5 MW was configured, with 85% efficiency and DC
output. The hydrogen produced was sent to a 9 t storage tank, with no initial rate of stored
hydrogen. The fuel cell configured had a maximum output of 5 MW, with a DC electrical
bus that produces electrical energy from stored hydrogen. The thermal energy generated
was not considered.
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Finally, the public electricity grid—modeled with a variable load of 500–700 MW—was
analyzed to assess its response to the integration of the hybrid renewable energy system
and the associated load-response dynamics.

Regarding the peak power demand of 770 MW, it is important to explain how this
value was calculated. According to JICA et al. [32], in a report on the electric sector develop-
ment project in Angola until 2040, the central region—where the study region is located—is
expected to have a peak power demand of 877 MW for residential, commercial, and indus-
trial customers by 2025, considering the current electrification rate. The maximum demand
per consumer is estimated to be 1.589 kW for the studied region. Without considering the
electrification rate, assuming a general demand based on the current number of residents
in Lobito (484,351 inhabitants) and the per capita demand rate of 1.589 kW, the general
demand power was calculated as 770 MW.

Based on the information presented and the load diagrams proposed by JICA et al. [32],
it became possible to define the specific load diagram for the study region (Figure 8), whose
data was then used to configure the public electricity grid in HOMER Pro v3.16.2 software.

 

Figure 8. Load diagram by the number of residents in the study region.

3. Results and Discussion
3.1. MSW Gasification Performance

The model created in Aspen Plus v11.0 was validated through a sensitivity study
to evaluate the system’s behavior and compare it with experimental data reported by
different authors. Additionally, the study carried out by Begum et al. [27], which is part
of a numerical investigation into the gasification of MSW using Aspen Plus v11.0, was
considered for the specific validation of the model of the present study. The same input
data was used, and the results were compared. The data from Begum et al. is described in
Tables 6 and 7.

Table 6. Characteristics of MSW used in the study by Begum et al. [27].

Proximate Analysis (Wt%) Ultimate Analysis (Wt%)

Moisture 12 Carbon 36.4
Fixed carbon 15.47 Hydrogen 4.97

Volatile matter 38.29 Oxygen 10.15
Ashes 46.24 Sulfur 0.80

Comparing the results obtained in this work with those of Begum et al.’s study [27], the
model in this study proved to be viable for simulating the gasification of MSW. This viability
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ensures the projection of the gasifier’s performance under different operating conditions.
Similarly to Begum et al.’s study, the model’s validation showed that as the ER increases
from 0.1 to 1 and the gasifier temperature is maintained at 700 ◦C, the concentration of CO
decreases from 70% to 40%, H2 decreases from 14% to 3%, CO2 increases from 17% to 58%,
and CH4 decreases from 6% to zero and stabilizes (Figure 9). In Begum et al.’s study [27],
CO decreased from 75% to 40%, H2 decreased from 10% to 2%, CH4 did not vary, and CO2

increased from 10% to 40%.

Table 7. Operating parameters of the gasifier used in the study by Begum et al. [27].

Parameter Feed Air Gasifier

Mass flow (kg/h) 10 1–10 -
Pressure (bar) 1 1 1

Temperature (◦C) 25 25 500–1000

 

Figure 9. Model validation of MSW gasification: variation in syngas composition as a function of ER.

This relative difference in composition is because the model in this study includes
more substances in the product, namely, SO2, SO3, NO2, NO, and NH3, in addition to those
considered by Begum et al. [27].

3.1.1. Sensitivity Analysis: Effect of ER Variation

The gasifying agent used in this study was air. The air quantity was changed in the
gasifier’s reduction section (COMBUST block of the Aspen Plus v11.0) between the ER
values of 0.1 and 1, with a variation step of 0.1, resulting in ten analysis points; 0.1 of air
corresponds to 1930 kg/h of air, with a relative O2 concentration of 0.21 (21% v/v). Figure 10
shows the results of the effects of varying the air under the same operating conditions of
temperature and pressure.

The variation in ER promotes gasification reactions that produce high levels of CO and
H2. For ER values above 0.3, this process is reversed, with complete oxidation reactions
being intensively promoted, namely, CO, H2, and CH4 oxidation reactions, resulting in an
accelerated increase in CO2 and H2O concentrations and a decrease in CO, H2, and CH4

concentrations. Under stoichiometric air conditions (ER = 1) or excess air (ER > 1), the CO
and H2 contents tend towards zero, with CH4 being oxidized long before the stoichiometric
ER condition.
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Figure 10. Effects of ER variation on syngas composition.

The behavior of LHV, CGE, and CCE is shown in Figure 11. For ER values of 0.1
to 1, the LHV decreases since the considerable increase in air leads to an increase in
the concentrations of H2O and CO2, as well as an increase in N2, and a decrease in the
concentrations of CO, H2, and CH4.

Figure 11. Effects of ER variation on LHV, CGE, and CCE.

The CCE increases for ER values of 0.1 to 0.3 and then stabilizes. For ER values below
0.3, there is a remaining amount of tar in the system, which means that not all the carbon has
been converted into syngas. For ER values above 0.3, all the carbon compounds previously
present in the raw material are converted into other compounds. Although this ER was
not used as a standard in this study, it can be concluded that an ER value of 0.3 is ideal for
avoiding the formation of tar.

Concerning CGE, a ratio that corresponds to the ability to extract the maximum
amount of energy from the syngas produced during gasification, up to an ER of 0.3, there
is no excess oxidation, as mentioned above. In other words, by increasing the content
of the main energy components of syngas—CO, H2, and CH4—the CGE value increases.
However, for ER values above 0.3, the oxidation of the gases with energy content in syngas
occurs, causing a gradual decrease in CGE as the ER increases.
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3.1.2. Sensitivity Analysis: Effect of Temperature Variation

A sensitivity analysis was conducted to evaluate the effects of temperature variation
in the gasifier, ranging from 50 to 1000 ◦C. This temperature range was selected to cover
both low- and high-temperature regimes, providing a comprehensive understanding of
the thermochemical conversion of MSW into syngas. This variation was applied in the
reduction section of the gasifier, identified as the COMBUST block, with a step increment of
50 ◦C, resulting in 20 points. In this section, the impact of temperature variation on syngas
yield, its composition, and key performance parameters, including LHV, CGE, and CCE, is
examined. The results are presented in Figures 12 and 13.

Figure 12. Effects of temperature variation on syngas composition.

Figure 13. Effects of temperature variation on LHV, CGE, and CCE.

As observed in Figure 12, at an ER of 0.1, favorable for gasification reactions, exother-
mic reactions occur predominantly at temperatures below approximately 500 ◦C. These
reactions include the incomplete oxidation of char, where the formed CO reacts with excess
H2O via the water–gas shift reaction, producing CO2 and H2. The resulting H2 can further
react with char or additional CO through hydrogenation or methanation, respectively,
leading to CH4 formation. This explains the significant presence of CO2 and CH4 at lower
gasifier operating temperatures (<500 ◦C).

As the temperature increases beyond 500 ◦C, the formation of syngas components
shifts due to the equilibrium of chemical reactions, favoring endothermic processes such as
the Boudouard reaction, the water–gas reaction, and methane steam reforming, resulting in
increased CO and H2 production.
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The upper limit of 1000 ◦C was chosen to ensure that the analysis captures the transi-
tion between different reaction pathways and determines the optimal temperature range
for syngas generation, even if the higher temperatures are not very common in gasifica-
tion technologies.

As observed in Figure 13, the temperature variation leads to an increase in LHV as
gasification reactions progress, promoting the formation of the primary energy-carrying
syngas components, namely CO and H2.

Regarding CGE, the same principle applies; since the process transitions from a state
where char is not converted into syngas to a state where syngas components are actively
generated, without excess oxidation, the CGE gradually increases. Higher temperatures
(up to 1000 ◦C) enhance syngas quality by minimizing tar formation and improving CGE,
which is critical for downstream energy conversion [27,28].

For CCE, the gradual increase in temperature enhances the efficient conversion of solid
carbon into high-energy gaseous products, thereby improving overall system performance.

3.1.3. Sensitivity Analysis: Effect of Varying O2 Concentration on the Injected
Gasifying Agent

At standard atmospheric conditions, O2 is present at a concentration of 21% (v/v),
mixed with 78% (v/v) N2 and approximately 1% (v/v) of other gases. In this study, atmo-
spheric air was assumed to contain only O2 and N2, at concentrations of 21 and 79% (v/v),
respectively. Based on this assumption, an evaluation was conducted on the effect of vary-
ing the O2 concentration in the injected gasifying agent, i.e., the impact of O2 enrichment
on the gasification process. The analyzed concentrations were 21, 40, 60, 80, and 100% (v/v),
under constant pressure and ER conditions.

Since an increase in O2 concentration naturally enhances the oxidation reaction rate
for exothermic reactions, leading to a rise in system temperature, this analysis incorporated
a temperature variation of 20 ◦C for each O2 increment, up to 100% (v/v) O2 in the gasifying
agent. Figure 14 illustrates the effects of this variation on LHV, CGE, and CCE.

 

Figure 14. Effects of oxygen content variation in the gasifying agent on LHV, CGE, and CCE.

To better interpret these results, it is essential to consider Equation (1), which defines
the mass flow rate of the injected gasifying agent. For a fixed ER value of 0.1, increasing the
O2 concentration in Equation (1) results in a reduction in the mass flow rate of the gasifying
agent due to the proportional decrease in N2 content. The absence of inert substances in
the syngas significantly increases its LHV, as confirmed by the trend observed in Figure 14.
Furthermore, increasing the purity of the gasifying agent enhances the availability of
O2 for reactions with carbonaceous material, accelerating partial oxidation reactions and
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consequently improving the CCE. This also favors CO and H2 production, leading to higher
CGE. Additionally, the reduction in the formation of undesirable byproducts, such as tar,
enhances process efficiency and minimizes the need for extensive syngas treatment.

3.1.4. Syngas Treatment

The syngas generated in the MSW gasification plant can contain contaminants such
as ash, tar, HCl, H2S, and NH3, necessitating treatment before its final use to avoid com-
promising downstream processes and to mitigate harmful effects on human health and
the environment. In the Aspen Plus v11.0 model created for this study, the syngas was
only treated for ash removal using cyclones and for tar removal through condensation and
physical separation (Figure 15). Therefore, the model does not include treatment units for
the removal of HCl, H2S, and NH3, as this was not the focus of the study. However, it is im-
portant to mention additional syngas treatment methods for removing these contaminants,
as described below.

Figure 15. Syngas treatment and electric power generation units modelled on Aspen Plus v11.0 (C-3:
calculator).

Due to the harmful effects of NH3 on human health and the environment, as well
as its potential to negatively interfere with subsequent syngas conversion or utilization
processes, typical treatment processes include water scrubbers, adsorption with activated
carbon or zeolites, and catalytic conversion, which can convert NH3 into molecular N2 [33].

H2S poses a significant challenge to any process due to its toxic and corrosive nature,
presenting risks to human health and the environment. Typical treatments include the fol-
lowing: (a) chemical adsorption, such as washing with a specific solvent, usually an amine
solution, which reacts with H2S to form ammonium salts; (b) physical adsorption using
activated carbon impregnated with zinc; and (c) catalytic oxidation (Claus process), which
promotes the formation of elemental sulfur, subsequently collected from the system [33,34].

HCl is an extremely corrosive and toxic gas, posing risks to human health and the
environment. The main treatments for syngas include the following: (a) alkaline washing,
typically with sodium hydroxide (NaOH) or potassium hydroxide (KOH), forming sodium
chloride (NaCl) or potassium chloride (KCl), respectively; (b) adsorption with modified
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zeolites or alkaline carbonates, forming alkaline salts; and (c) catalytic reaction, converting
HCl into molecular chlorine through a reaction with oxygen or into chlorosulfonic acid
(HSO3Cl) through a reaction with sulfur dioxide, which are less toxic products that can be
further treated by appropriate methods [33].

3.1.5. Power Generation from Syngas

The power generation unit selected for the gasification system was of the combined
cycle type, consisting of a gas turbine and a steam turbine. The gas turbine generates
power from the combustion of syngas, while the residual heat is utilized in a steam cycle to
produce additional electricity, improving the overall system performance. After expansion
in the gas turbine, the combustion gases go to a boiler to generate water vapor, which in
turn goes to a steam turbine to generate electricity (Figure 15).

This system generates 4.81 MW of power, with the gas turbine generating approxi-
mately 4.37 MW and the steam turbine generating approximately 0.44 MW.

Notably, parameters such as the syngas LHV, flue gas pressure, and temperature can
be altered by the operation of the gasifier and have a direct influence on the electrical power
that the system can generate.

3.1.6. GHG Savings in the Gasification System

The GHG emissions savings in the gasification system were estimated using Equation (3),
as presented below:

MSW gasi f ication CO2 balance = Egrid × E f−diesel (3)

where

MSW gasi f ication CO2 balance—the total amount of CO2 emissions avoided by replacing
grid-supplied electricity with MSW gasification-generated electricity (t CO2).
Egrid—annual electricity generation from the MSW gasification system that would other-
wise be drawn from a diesel-powered grid (MWh).
Ef-diesel—CO2 emission factor related to diesel engines (kg CO2/kWh).

The MSW gasification unit in this study generates approximately 42 GWh/year of elec-
tricity. Assuming that this electricity would otherwise be produced using diesel generators
(common in Angola), with an average emission factor of around 1.0 kg CO2/kWh [35,36],
the estimated annual amount of CO2 emissions avoided is approximately 42,000 tons. This
value aligns with standard assumptions that syngas emissions from biogenic waste are
considered carbon-neutral under IPCC guidelines [35]. These findings highlight the sub-
stantial climate benefits of displacing diesel-based generation through MSW gasification,
particularly in regions like Angola, where fossil fuels remain an important primary energy
source for electric energy production [37,38].

3.2. PV Production
3.2.1. Analysis of Relevant System Parameters

For the defined area of 5 hectares and based on the type of module defined (UP-
M670MH), 16,095 modules were considered to be horizontally installed, occupying a total
area of 4.9 hectares, generating a peak DC power of 10.784 MWp (Figure 16), for an AC
output power of 10 MW.
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Figure 16. Monthly PV system production.

The system has a performance index of 87%, indicating a considerable amount of
electricity generated compared to the energy that would be produced under STC conditions.
Low-performance index values represent the possible poor inclination of the PV modules,
the presence of shading, or even losses in the modules due to cell temperatures, and the
Joule effect in the DC and AC cables. Four SG2500-HV-20 inverters will be needed to
connect 29 modules per string and 555 strings in parallel, as shown in the single-line
diagram (Figure 17).

 

Figure 17. Single-line PV system (extracted from PVsyst v8).

In anticipation of the existence of shading, the PV site was modeled by inserting a
structure corresponding to the MSW gasification plant into the 3D analysis system, as it
is expected that they will operate in the same place (Figure 6). Although the gasification
plant is positioned in the opposite direction to the North-facing faces of the PV modules,
shading still occurs. This is reflected in the system’s new solar path (Figure 18). Therefore,
although reduced, shading occurs from 4:30 p.m. onwards in January, February, March,
October, November, and December.
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Figure 18. Solar path of the PV system with the presence of an MSW gasification plant (Shading
losses from 1% to 40%).

3.2.2. GHG Savings in the PV System

In addition to the MSW gasification-related GHG savings, the GHG emissions savings
were estimated using Equation (4), which compares the life-cycle emissions (LCE) of grid-
supplied electricity with that of PV-generated electricity. LCE represents the CO2 emissions
associated with a given energy source over its entire life cycle—including installation,
production, operation, maintenance, and disposal.

PV CO2 balance = Egrid × Project_li f e ×
(

LCEgrid − LCEPV

)
(4)

where

PV CO2 balance—Total amount of CO2 emissions avoided by replacing grid-supplied
electricity with PV-generated electricity (t CO2).
Egrid—Annual electricity generation from the PV system that would otherwise be drawn
from the grid (MWh).
Project_li f e—Expected operational lifetime of the PV system (yr).
LCEgrid—Life-cycle CO2 emissions intensity of grid electricity (includes extraction, genera-
tion, transmission, etc.) (t CO2/MWh), based on data from sources such as Carbon Trust
and ecoinvent v3.9.
LCEPV—Life-cycle CO2 emissions intensity of the PV-generated electricity (includes panel
manufacture, transport, installation, O&M, and end-of-life) (t CO2/MWh), using global
averages provided by the IPCC and available via PVsyst v8.

For an annual Egrid of 20,653 MWh, a project lifetime of 25 years, a grid LCE of 412 g
CO2/kWh, and a corresponding LCEPV, the calculation yields an approximate reduction of
395 t CO2 per year.

This savings estimate reflects the benefits of substituting electricity from the current
regional energy mix with that produced by our hybrid system (comprising both PV and
MSW gasification). Notably, conventional power generation technologies—such as diesel
generators—often exhibit emission intensities between 800 and 1200 g CO2/kWh. Therefore,
the hybrid system not only achieves a measurable annual reduction in CO2 emissions
but also offers a competitive environmental advantage compared to fossil-fuel-based
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technologies. Recent studies in similar developing regions have reported relative CO2

reductions of approximately 20–25% when adopting hybrid renewable systems [16].

3.3. Hybrid System

HOMER Pro v3.16.2 software was employed to simulate the hybrid system, comprising
the MSW gasifier, photovoltaic array, and water electrolysis unit for H2 production. The
simulation evaluated system and grid performance in meeting the electricity demand of
the Lobito coastal region in Angola, where the peak load is estimated at approximately
700 MW.

3.3.1. MSW Gasification

In terms of the MSW gasification generator configured in HOMER Pro v3.16.2, the
results were 4.8 MW of power and 42 GWh/year of electricity for continuous operation
throughout the year.

3.3.2. PV System

The PV system was configured considering the data obtained from PVsyst v8. The
HOMER Pro v3.16.2 results were a nominal power of 10.784 MW, operating at 4402 h/year,
with an LCOE of 0.11 USD/kWh (Figure 19).

(A)

 

(B) 

Figure 19. (A) PV system electrical production and (B) inverter output, as simulated in HOMER
Pro v3.16.2.

Figure 19 clearly shows the presence of non-linear solar radiation throughout the day,
between 6 a.m. and 6 p.m., hence the black spots throughout the day, which are the result
of the system being shaded, among other factors.
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As with the PV modules, the results of the system’s inverter are shown in Figure 19.

3.3.3. Electrolyzer and Fuel Cell

Regarding the electrolysis of water to generate green H2, it should be noted that of the
5 MW configured, the renewable electricity generation system only provided an average
input of 5.53 kW to the electrolysis, with a maximum power of 1.8 MW. This resulted in a
short operational period for this system (Figure 20).

 

Figure 20. Results of water electrolysis for H2 generation.

Figures 21 and 22 show that H2 production occurred over a very short period at
the beginning and end of the year, when the system generated some excess electricity.
This excess was fed to the electrolyzer, resulting in a total generation of 48 MWh/year
of electricity.

 

Figure 21. Data obtained on H2 production by the electrolyzer.

 

Figure 22. Data obtained from fuel cell operation.
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These data suggest that it would not be feasible to install a water electrolysis system to
generate green H2 in the current circumstances of the study region. There is no generation
of excess electricity, since almost all the energy produced, both by the gasification of MSW
and by the PV system, is injected into the grid.

This limitation highlights the need for future investments in renewable energy infras-
tructure to achieve surplus electricity, enabling the viability of advanced applications such
as hydrogen generation. For now, the focus should be on addressing immediate energy
needs and reducing dependence on non-renewable energy sources.

3.3.4. Hybrid System Behavior and Its Impact on the Power Grid

From the above, the PV system generates 20 GWh/year, the MSW gasification gener-
ates 42 GWh/year, and the fuel cell generates 5 MWh/year of electric energy. Since the load
has a peak energy demand of 10.6 GWh/day, this hybrid system does not prove sufficient
to meet a relatively high fraction of the load’s power, although it is an output that supplies
a considerable number of households.

Considering an average per capita power requirement of 1.5 kW for the study re-
gion and assuming that each household comprises, on average, four persons, the total
annual electricity production is calculated to supply approximately 1186 households. We
acknowledge that household power consumption can vary depending on the number of
residents and specific usage patterns. Thus, under alternative assumptions - for instance,
if a household consisted of fewer or more than four persons - this number might change
accordingly. This estimation serves as a baseline scenario that can be adjusted to suit local
demographics and consumption profiles.

Figure 23 shows the summary of electricity generation and its distribution to the loads
(households and electrolyzer).

 

Figure 23. Results on the generation and distribution of electricity from the hybrid system.

As can be seen in Figure 23, there is no excess electricity, since all the energy is injected
into the grid, with a maximum penetration of 2.82% throughout the year, and the rest of
the electricity is bought to meet the remaining unmet loads, which means that there is
no sale of electricity to the grid. Based on the results, the system could be scaled up to
larger production capacities, thereby having a more significant impact on the electrical
grid. Additionally, the system could be expanded by increasing the collection of MSW
from neighboring cities such as Catumbela, Benguela, and Baía Farta. This would not only
ensure a greater supply of electricity but also contribute to a more sustainable environment
in these areas, as MSW management remains a widespread challenge in Angola.
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The current context of the studied region has a negative deficit in electricity supply,
which makes it necessary, initially, to try to electrify the entire region, and only after that
will it be possible to have excess production if more investment is made in the electricity
production infrastructure. Only then will it make sense to invest in the different vectors of
electricity, i.e., systems for storing excess electricity, for example, by injecting it into a water
electrolysis system to generate green H2.

3.3.5. Some Economic and Environmental Aspects of the Hybrid System

In the investment assessment, like the operational simulations in HOMER Pro v3.16.2
using data results from Aspen Plus v11.0 and PVsyst v8, additional information was entered
regarding the fuel cell, electrolyzer, and H2 tank. This data was sourced from HOMER Pro
v3.16.2 and the US Department of Energy’s report on the cost of fuel cells, electrolyzers, and
H2 storage tanks [39]. Table 8 summarizes the investment analysis of the hybrid system
under the operating conditions considered in this section.

Table 8. Hybrid system investment analysis summary.

Metric Value

Investment capital (USD) 67 million
O&M costs (USD) 497 million

Price of selling electricity to the grid (USD/kWh) 0.18
Discount rate (%) 10

LCOE (USD/kWh) 0.1792
Simple payback (years) ~9

Updated payback (years) ~16
Analysis time (years) 25

Assuming a subsidized electricity price of 0.18 USD/kWh and a 10% discount rate
over a 25-year analysis period, the discounted payback period is approximately 16 years.
This extended payback period is primarily due to the inclusion of the green H2 production
and conversion system, which is not economically viable due to its low H2 production rate.
As a result, it imposes a financial burden on the hybrid system. However, excluding the H2

production system and maintaining only MSW gasification and PV plants would shorten
the payback period to 11 years.

Nevertheless, the system provides significant positive externalities by creating jobs
and contributing to increasing the energy mix and electrification and reducing household
energy poverty.

3.4. Comparison with Similar Hybrid Systems in Developing Regions

To assess the feasibility of the proposed hybrid system, its performance was com-
pared with similar studies conducted in developing regions. These comparisons provide
insights into the technical, economic, and environmental dimensions of integrating MSW
gasification with PV systems.

3.4.1. Technical Performance

Campos et al. [15] analyzed a PV–biomass system in Brazil, achieving an energy
efficiency of 17.43%. Similarly, Yew et al. [17] in Malaysia modeled a hybrid solar–biomass
system with a total installed capacity of 4.075 kW (PV) and 2.100 kW (biomass gasifier), and
Ribó-Pérez et al. [16] evaluated a biomass gasification-based hybrid microgrid in Zambia,
demonstrating its effectiveness in providing decentralized electricity to rural communities.
Their system achieved high operational reliability with a comparable energy yield to other
PV–biomass hybrid models. In comparison, the system proposed in this study generates
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62 GWh/year, demonstrating its feasibility for large-scale implementation. However, the
challenges associated with MSW composition and variability may require further process
optimization.

3.4.2. Economic Viability

The LCOE obtained in this study is 0.1792 USD/kWh, which is higher than the
0.034 USD/kWh reported by Campos et al. [15] in Brazil, the 0.10 USD/kWh esti-
mated for Malaysia by Yew et al. [17], and the Zambian system’s LCOE analyzed by
Ribó-Pérez et al. [16], which remained below 0.12 USD/kWh, benefiting from simplified
biomass processing. This difference is primarily due to the additional costs of MSW process-
ing and hydrogen production. However, when excluding the hydrogen production system,
the payback period is reduced from 16 to 11 years, aligning with the values reported in
Egypt [12] and Zambia [16] of 12 years and 10 years, respectively.

3.4.3. Environmental Impact

The proposed system in this study reduces CO2 emissions by 42,000 t/year from MSW
gasification and 395 t/year from PV production—comparable to the reductions observed
in similar hybrid PV–biomass projects. Ribó-Pérez et al. [16] also highlighted the role of
hybrid biomass-based systems in achieving emissions reductions of 20–25% compared to
conventional fossil-fuel generation.

4. Conclusions
This study assessed the potential of a hybrid renewable energy system integrating

MSW gasification and a PV system to address energy challenges in Lobito, Angola. The
gasification process converts MSW into syngas through thermal decomposition under
controlled conditions. The PV system supplements this process by harnessing solar energy,
optimized through precise system design and simulation to maximize energy output under
local solar conditions.

The integration of the MSW gasification plant and solar PV park addressed critical
energy challenges by ensuring continuous power generation and reducing reliance on fossil
fuels. The system generated 62 GWh/year, with a penetration rate of 2.80%, supplying
electricity to 1186 households while achieving an LCOE of 0.1792 USD/kWh and a payback
period of 16 years.

From an environmental perspective, the system reduced CO2 emissions by 42,000 t/year
from MSW gasification and 395 t/year from PV production, demonstrating its potential
for decreasing GHG emissions and mitigating climate change related to waste-related
pollution. The deployment of MSW gasification also highlighted the role of waste-to-energy
technologies in enhancing urban waste management and promoting a circular economy.

However, the lack of surplus electricity for green hydrogen production indicates the
need for further infrastructure investments to increase energy production if H2 is intended
to be produced. This limitation highlights a key area for future research: scaling up hybrid
systems to achieve excess energy for advanced applications such as hydrogen generation
and storage. Additionally, studies on optimizing syngas cleaning processes could enhance
the efficiency and longevity of gasification systems.

While this study focused on the technical and economic feasibility of the proposed
hybrid system, future research should explore maintenance and operational challenges,
particularly for MSW gasification. These factors are critical for ensuring long-term economic
viability and practical implementation.

Furthermore, the payback period of 16 years is primarily due to the inclusion of the
hydrogen production system, which is not currently economically viable. When excluding



Energies 2025, 18, 3125 27 of 29

the hydrogen production component, the payback period is reduced to 11 years, making the
system significantly more attractive for investment and implementation in similar regions.

It is also recommended that future work include additional local surveys and waste
characterization studies to further refine the proximate analysis and the LHV of MSW.

In conclusion, this research provides a scalable framework for integrating renewable
energy sources in developing regions, offering a pathway to reduce energy poverty, improve
environmental quality, and achieve sustainable development goals, such as good health and
well-being, affordable and clean energy, decent work and economic growth, and industry,
innovation, and infrastructure. The findings are intended to inform policymakers, investors,
and researchers in the development of hybrid energy solutions tailored to local contexts.
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