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Abstract

Energy is indispensable to economic & social development and it improves lives. However, much of world’s
energy is being produced and consumed in ways that could not be sustained if technology were to remain constant
and if general quantities were to rise significantly. This research weighs the potential results of Rwanda energy
power plan 2023/2024 that encourage the use of more advanced and sustainable energy sources, Specific attention
is paid to renewable energy. This research focused on examining the carbon emission emitted through electricity
generation from different energy sources and investigate carbon emission avoidance when a national energy plan
is implemented. The government of Rwanda, through its power sector, has very ambitious targets to achieve 512
MW installed power generation capacity, from its current 264 MW power generation, and have universal access
(100%) by 2023/24. Business as usual (BAU) scenario is used to analyze future electricity generation and CO»
emissions reduction in 2020-2024. The scenarios show the sustainable potential of renewable technologies and
advanced technologies such as hydropower that can generate a significant portion of electricity and minimize the
carbon emissions from the power sector. This research found that when Rwanda energy plan is implemented, there
will be a carbon emission reduction of 18.3%. Hence, recommends policymakers and private sectors to invest in
power energy production in Rwanda as there is a demand for electricity and business opportunities available in
hydroelectricity production.
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1. Introduction

Energy is considered the main factor in wealth production and also an important factor in economic development
[1]. The importance of energy to economic development is recognized almost everywhere. Global energy
consumption is growing incredibly in parallel with population growth, industrialization and technological
developments. The Energy Information Administration (EIA) expects global energy consumption to increase by
almost 50% between 2018 and 2020. The challenge is to develop technological concepts that will attain the
maximum recovery of energy demanded. In 2000, 80% of the world’s demand for energy was met from fossil
fuels, such as coal, petroleum, and natural gas [3], while the remaining 20% was obtained from other sources, such
as hydro, nuclear, animal and vegetable wastes, wind, solar, geothermal and wood, among which hydro and nuclear
are used more. In addition, the distribution of the world’s known fossil fuel reserves are estimated to be on a
petroleum equivalent basis, 68.3% coal, 15.5% petroleum, and 16.2% natural gas. Accordingly, the life of these,
reserves are projected to be 41 years for petroleum, 62 years for natural gas, and 230 years for coal [4]. Rwanda is
a small country in east Africa, it is sandwiched by Uganda, Burundi, Tanzania, and the Democratic Republic of
Congo [5]. With a total area of 26 338 km2, of which 94.7%, land, the remaining 5.3% is occupied by water [7]
and there are significant energy resources that have not yet been fully exploited. Demand for energy, and electricity
in particular, is growing rapidly due to the social and economic development of the country.

In this sense, renewable energy sources seem to be one of the most effective and efficient solutions to growing
demand and environmental challenges for sustainable development. Over the last two decades, the risk and reality
of environmental degradation has become more evident, and mankind has increased the concentration of CO2 in
the atmosphere. Co2 absorption has increased and is growing faster every day, so it has the average temperature
on the planet. Despite growing evidence of the dangers of climate change, efforts to limit CO2 emissions, which
are ineffective and do not exist in most countries, are sufficient. Taking into account the best available trends and
scientific evidence, it is likely that humanity will have to reduce total emissions by at least 80% by 2050.

Yet each day, emissions continue to grow, and the electricity sector is one of the major sources of the total
global emissions [11]. In this study, Rwanda's energy strategy, electricity generation, and carbon emissions are
described with an analysis of the general implication on the environment and economy. Many studies have
developed a deep analysis of the carbon dioxide emissions reduction potential using renewable resources to
generate the electricity needed for economic sustainability but No specific research has focused on the carbon
emission from electricity generation in Rwanda and potential implications of the Rwanda energy sector strategic
plan (ESSP). Currently, the total installed capacity to generate electricity in Rwanda is 264 Mw from more than
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40 power plants, mainly hydro. Only 1.62% of the available capacity is imported while the rest is domestically
generated [9].

This study investigates the potential impact of the power plan in the energy sector and analyse the change in
the power structure and carbon emissions from the electricity to electrify Rwanda. This examination is novel in
that it introduces a collaboration between economic development and inexhaustible power utilization to learn
carbon emissions from each energy source in electricity generation the life cycle assessment of carbon emissions
will be reviewed. To date, a number of life-cycle analysis studies have been carried out worldwide analysing the
different aspects of product development and the potential impact of the product (from cradle to grave) on
procurement, processing, production, use of raw materials and finally its removal [12]. LCA can be used to assess
the environmental impact of electricity generation and allows producers to make better environmental decisions
[11]. Between 1990 and 2008, global energy consumption increased by 40 % in 2013, 68 % of world energy comes
from fossil fuels (i.e. coal, natural gas and oil), and electricity production accounts for 40 % of world CO2
emissions [11,13]. Greenhouse gas emissions from energy production, such as CO2 emissions and CO2 emissions,
have been the subject of numerous studies, which often play a key role in the development of greenhouse gas
emission reduction strategies in the energy sector [ 14]. However, the extent to which these studies provide accurate,
reliable and comparable information on their usefulness in long-term decision-making can be called into question.

In view of the growing concern about human action-genetic climate change, a sufficient understanding of the
environmental impacts of greenhouse gas emissions from different energy production systems is needed [15]. For
these emissions, each production method produces greenhouse gases, including CO2 to varying degrees, through
construction, operation (including fuel supply) and dismantling.

2. The Life Cycle Assessment of Carbon Emissions of Renewable Energy Technologies

Greenhouse gas emissions shall be assessed and classified in accordance with the contribution of the following
three phases of the lifecycle: (1) fuel supply (from fuel extraction to factory doors), (2) operation (operation and
maintenance, including waste disposal) and (3) infrastructure (start-up and modernity) [15]. CO2-eq, or carbon
dioxide equivalent (CO2-eq), is a standard unit for measuring greenhouse gas emissions. This is due to the
expression of the effects of each different greenhouse gas on the amount of CO2 that would cause the same amount
of warming. In this way, a carbon footprint consisting of several different greenhouse gases can be expressed as
co2 eq. Hydropower includes solutions such as dams with reservoirs and next-generation plants. The first solution
requires a dam to create a swimming pool and thus allows for equal jumps in electricity demand. Electricity
generation from river flow systems depends on the amount of water flow and cannot be controlled. Greenhouse
gas emissions throughout the lifecycle are reported for river co-service systems between 2 and 5 kg of CO2-
eq/MWh and 11-20 kg of CO2-eq/MWh for dam reservoirs. An important aspect of hydropower with dam tanks
are methane emissions from the anaerobic decomposition of flooded organic matter. These emissions depend on
the local climate, the size of reservoirs, the depth of water, the type and quantity of flooded vegetation and the type
of soil; therefore, significant differences in emission factors [18] can be observed.

For example, emission factors range from 0,35 kg OF CO2-eq/MWh in the Alpine regions to 30 kg of CO2-
eq/MWh in Finland and range up to 340 kg of CO2/MWh in Brazil. But higher values were found when the
reservoirs were located in tropical regions. Photovoltaic greenhouse gas emission factors showed high variability
(one magnitude, 13-130 kg CO2-eq/MWh), mainly due to local conditions such as the power source used in
production, panel carouselology and climatic conditions in which the panels were installed [19]. In addition,
greenhouse gas emissions from PV technologies produced in different countries would differ from each other as
electricity is used in the production process. A similar phenomenon can be explained by NOx and SO2 emissions
[20]. Greenhouse gas emission factors from wind energy were found in PCA studies between 3 and 28 kg of CO2-
eq/ MWh, with system limits limited to wind turbines. In the present case, the main contributions related to the
supply and construction of wind turbines. Therefore, the results were significantly influenced by the local
electricity mix in which the turbines were produced and installed [21]. Onshore and offshore turbines may have
similar emission factors as higher emissions during the construction phase can be offset by higher productivity of
offshore turbines [22].

2.1 Life Cycle Assessment of Carbon Emissions of Non-Renewable Energy Technologies

For example, emission factors range from 0,35 kg OF CO2-eq/MWh in the Alpine regions to 30 kg of CO2-
eq/MWh in Finland and range up to 340 kg of CO2/MWh in Brazil. But higher values were found when the
reservoirs were located in tropical regions. Photovoltaic greenhouse gas emission factors showed high variability
(one magnitude, 13-130 kg CO2-eq/MWh), mainly due to local conditions such as the power source used in
production, panel carouselology and climatic conditions in which the panels were installed [19]. In addition,
greenhouse gas emissions from PV technologies produced in different countries would differ from each other as
electricity is used in the production process. A similar phenomenon can be explained by NOx and SO2 emissions
[20]. Greenhouse gas emission factors from wind energy were found in PCA studies between 3 and 28 kg of CO2-
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eq/ MWh, with system limits limited to wind turbines. In the present case, the main contributions related to the
supply and construction of wind turbines. Therefore, the results were significantly influenced by the local
electricity mix in which the turbines were produced and installed [21]. Onshore and offshore turbines may have
similar emission factors as higher emissions during the construction phase can be offset by higher productivity of
offshore turbines [22].

2.0 Methodology

Energy is at the heart of Rwanda's economic and development plans. It supports all other sectors, including housing
and urban construction, manufacturing, mining, tourism and its services. Therefore, a well-functioning energy
sector and an effective precondition for achieving national targets. [42]

The Rwandan Energy Strategy aims to reach 2023/2024. In order to reduce the high dependence on diesel
production, models of different production expansion systems have also been developed to ensure the use of
different technologies for electricity generation in the Rwandan grid. The dates for the introduction of large short-
term projects were also used to determine the optimal selection of production in the country. Energy projects
submitted in the short term and/or significantly far-reaching in the project development cycle (2020-2025). Model
for estimating the life cycle of carbon emissions for energy production.

Table 1: Committed power plants (2020 - 2025)

Installed capacity Firm capacity Technology

Power station Planned cod

(Mw) (Mw) type
Hakan 72 68.4 peat 2020
Nyabarongo 11 435 283 hydro 2024
Rusumo 26.7 25.4 hydro 2021
Rusizl 111 48.33 459 hydro 2025
Symbion i 50 47.5 methane 2023
Others 43.80 21.73 mixt 2024
Total 506.2011 390.36 n/a n/a

Data source: Rwanda Energy Group

The data in this study requires a complete set of data to illustrate the existing system as accurately as possible.
A set of data used for all forms of energy used in the country and for all energy conversion processes (technologies),
with the exception of imports and common regional production units. The energy supply technologies considered
in the model include solar photovoltaics, hydropower, diesel, methane plants and peat plants. Some of the data
collected from the bibliography report and the Rwandan Energy Group include energy production capacity (MW)
by plant type, allowing us to determine energy production using technology. CO2 emissions have been used as an
index to assess the carbon characteristics of energy production technologies in terms of global warming. The
number of greenhouse gases attitted to generate pure 1Gwh electricity. This research used a bibliographic review
to collect emission factors for all energy for electricity generation [1]. It is commonly known as GWh equivalent
tones (CO2eq/GWh). Direct emissions from actual and whole production chain, i.e. life cycle assessment (LCA),
shall be taken into account. The aim of this study is to study the impact of the energy plan in Rwanda. The overall
objective of this model is to test the reduction of carbon emissions in the electricity generation sector

COs emissions = Y, QK = EFy (1)

Where CO2 emissions are greenhouse gas emitted when generating electricity from all energy technologies
used in Rwanda, such as hydropower, solar PV, peat, diesel, and methane gas. Every technique produces CO2
emissions in fluctuating amounts through the development and decommissioning. K is the energy type used to
generate power in Rwanda, QK is referred to be the electricity units in GWh produced from a particular technology
and EF1 is the carbon emission factor, the average amount of tons of carbon dioxide emitted to produce 1GWh

power. Table 2. below shows the carbon emission factor per electricity generation technology.
Table 2. Carbon Emission from Electricity Generation

Mean Low High

Technology | Tonnes CO: eq/ Gwh
Dieselioil 733 347 933
Coal /peat 388 756 1310
Solar pv 83 13 T3l
Hrydropower 26 2 237
Methane gas 458 362 291

Diata source: World nuclear Association
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The key issue to address is to analyse the current carbon emissions from electricity generation and the
potential carbon emission reduction from the Rwanda energy expansion power plan. The analysis of the power
plan sector consists of 2 scenarios.

Table 3. Scenario Description

Scenarios Description
BAU scenario starts from 2020 as the base vear.
The energy system of the base year 2020 will be modeled using the
BAU _ current power structure and reported data, then existing energy
installed capacfity trends will be projected till the end of the planning
period which 1s 2024. The BAU scenario includes projections for
electricity generation and CO: emissions.

Scenario 1 Analvze the current power structure and carbon emissions emitted
through electricity generation from each energy source

Analvze Bwanda power plan 2024 planned installed capacity and
Scenario 2 projected electricity generations to calculate carbon emissions using
the base year 2020 power system to measure the carbon emission

avoided.

To analyse both scenarios and examine the potential carbon emission avoidance from 2020 to 2024 according
to the national energy plan, we compare total carbon emissions from both years to get results in overall carbon
emission reduction for climate change and lower global warming using the following formula.

COz2emissions = scenario 2 — scenario 1| (2)

4.0 Findings and Discussions
4.1 Electricity Generation of BAU Scenario

According to the African bank of development report 61, The electricity demand in the Rwanda power sector is
expected to increase by 9% by 2023. The power plan is developed in order to meet the forecasted electricity
demand. In the BAU scenario, the electricity supply in Rwanda has been increasing, and pivot on the hydropower
energy (see Fig 1). From 2020 total electricity generation, there is a 698.53 GWh increase in 2024. Hydropower,
methane gas, peat, solar PV, and diesel and hydropower plants are the major contributions to generate electricity
and accounted for 38%, 37%, 10.5%, 1.10%, and 12.1% in total electricity generation, respectively. The installed
capacity in Rwanda would increase from 264 MW with 218 MW nominal capacity in 2020 to 404 MW in 2024 as
presented in table 5. In the BAU scenario

1600
1400
1200
1000
800
600

400

Total electricity generation (GWh)

2020 2021 2022 2023 2024
B Hydropower MDiesel MSolarpv Mpeat ®MNethane gas

Figure 1. Total electricity supply in the BAU scenario in Rwanda.

Data source: Afvican Development bank
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Table 4. Rwanda's Power Installed Capacity in the BAU Scenario.

Capacity (MW)

Energy sources 2020 2021 2022 2023 2024
Hydropower 72 108 110 115 161
Diesel 59 59 59 59 59
Solar Pv 12 12 12 59 59
Peat 95 95 95 95 95
Methane gas 26 26 26 76 76
Total 264 300 302 358 404

Data source: Ministry of Infrastructure in Rwanda

4.2 pact of ESSP on Carbon Emissions in Scenario 1

In scenario 1, the electricity generation will increase by using advanced and renewable energy technologies such
as hydropower. Still, also, there is a significant increase in electricity generated from diesel, peat, and methane
technologies. In the BAU scenario 1, CO2 emission from the power sector was accounted for 717,040.4 tCO2-
eq. Peat accounting for 36.8%, diesel 35%, methane gas 26%, solar PV 0.36%, and hydropower for 1.69% of the
total CO2 emissions.

300000
951141.8448 2640809797

250000

200000 186985.5964

150000
100000

30000 1518727879 2644.72435
0 |

Hydropower Diesel Solar pv peat Methane gas

Carbon Emissions (tco: eq)

Figure 2. Scenario 1 carbon emissions from Rwanda power sector

Data source: African Development bank

4.3 Impact of ESSP on carbon emissions in Scenario 2

As a developing country, Rwanda has a great challenge to the impact of climate change. Rwandan government
formulated plans to reduce CO; emissions in all sectors, including power and energy against climate change. The
following plans are approved by the UN sustainable development goals (SDGs) and other regional agreements. In
this scenario, the electricity generation from RE plants is expected to increase from a total of 816.06 GWh in 2020
to 1514.58 GWh in 2024. Renewable energy will contribute to the total energy supply of 48.12% in 2024, and
total co, emission in this scenario will be 585372.78 tCO»-eq.
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Figure 3. Scenario 2 carbon emissions from Rwanda power sector
Data source. African Development bank

From the BAU scenario after implementation of the power plan, the reduction will be on the peak of CO;
reduction expected, electricity generated is about 1514.58 GWh and renewable energy contributing 48.12% (37.5%,
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10.57% from hydropower and solar PV). Total carbon emission avoided would be -131667.634 tco, eq as a result
of using more advanced renewable technologies to generate electricity. Therefore, in the scenario, CO, emission
will be lower 18.36% in 2024 than 2020 Figure 4. Illustrates total CO, emission comparison between scenario 2

and scenario 1.
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Figure 5. BAU scenario total carbon emissions Avoided (scenario 2- scenario 1)

4.4 Sensitivity Analysis

To examine issues relating to uncertainties in the model structure used to obtain the results, a sensitivity analysis
was investigated, to measure the impacts of fluctuations in carbon emissions from power production aiming to
acquire more reliable results. For sensitivity analysis, this research calculated carbon emission from electricity
generation using the lowest carbon emission factors (CO2eq/GWh) from each energy source to examine their
sensitivity to the carbon emissions avoided results of the BAU scenario between 2020-2024 power structure. For
each technology, carbon emission factors can range from low to high depending on the transformation efficiency
[43]. It is noted that when the energy transformation efficiency is improved, except the carbon emission reduction
from electricity generation. We assumed the lowest carbon emission factors from each energy source, and the

results of sensitivity analysis are shown in the table below.
Table 5. Sensitivity Analysis

Energy sources COz-eq/gwh t CO:z-eq
Hydropower 2 199.9121703
Diesel 547 -86435.15551
Solar pv 13 -186.5489575
Peat 756 -103689.2989
Methane gas 362 75862.79413
Total N/A -114248.2971

From the BAU scenario after implementation of the power plan, sensitivity analysis results show that total
carbon emission reduction would be -114248.29 t CO2-eq, which indicates a significant carbon emission avoided
in power generation in 2024. Conservation, and environmental improvements as a result of reducing greenhouse
gases (especially CO2) emitted as a result of thermal generation. Rwanda can achieve many technical and
ecological benefits from applying smart grid technologies, especially in the field of increased electricity generation
from wind and solar energy sources as well as hydroelectricity.

5.0 Conclusions and Policy Recommendations

This research set out to evaluate the potential impact of energy power plan in Rwanda, discussed Rwanda's energy
plan and examined the impact of renewable energy to electrify Rwanda and most importantly reduction of the
carbon emission from electricity generation. The potential of advanced and renewable energy technologies is very
promising in the long-term electricity planning. Rwanda's energy sector strategic plan will reduce CO, emission
by 18.36% when compared with BAU scenario carbon emissions in 2020. In conclusion, Renewable energy and
advanced technologies take advantage of reduced CO; emissions at a considerable cost.

Economically, business opportunities are available for the private sector in hydropower, and solar energy for
energy production, prospecting, and exploitation since the power plan encourages the development of more
renewable source power plants.

Strong evidence indicates that renewable sources, mostly hydropower could provide significant clean and
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reliable electricity production in Rwanda. Many promising sites exist, distributed throughout the country.
Considering the need for energy development and available hydropower resources, our analysis suggests several
possible policy recommendations.

Due to the difficulty of building energy transmission in Rwanda, it is advisable to encourage small
hydropower use in off-grid systems. Investments should be made to develop the necessary support expertise for
small hydropower technologies, including expertise for community-based micro-grids and training for plant
maintenance to reduce operational cost.

Small hydropower remains a niche business worldwide. Policies should be considered to attract investors
willing to design and manufacture some hydropower plant components in Rwanda. This would allow solutions to
be customized for Rwandan conditions.
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