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Abstract

The United Republic of Tanzania (URT) is currently expanding its rail network with the construction of a Standard Gauge Railway (SGR) extending from Dar es Salaam to Mwanza and Kigoma, connecting the URT to Rwanda, Burundi, and the Democratic Republic of the Congo. Additionally, the URT is implementing a sustainable industrial development policy. Both the SGR operations and industrial development initiatives will rely on electricity supplied by the Tanzania Electric Supply Company (TANESCO). According to TANESCO, Tanzania is facing power shortages due to various factors, including drought resulting from climate change. To meet the demand for a reliable power supply for SGR operations, Small Modular Reactors (SMRs) are being considered. SMRs are seen as an alternative power source unaffected by drought and other climatic changes, unlike hydropower. The consideration of SMRs underscores the need for sustainable and resilient energy solutions in Tanzania. Reports indicate that Tanzania's installed power capacity stood at 2,372.96 MW as of June 2024, with 50.5% from natural gas, 45.2% from hydropower, 3.9% from heavy fuel oil, and 0.4% from biomass. On the other hand, projections for SGR operations indicate that passenger trains in the initial phase (LOT 1 and LOT 2) are expected to use 352 MW (~8.3% of 4,253 MW projected by the end of 2024). Additional power is needed in subsequent phases following the extension of routes and freight operations. Given the ongoing climate change and the escalating power demand, which is increasing at a rate of 10-15% per year (without considering power required to run the SGR project), the integration of SMRs into the energy mix is crucial. This study has revealed that the introduction of nuclear power, starting with SMRs, is feasible as it aligns with projected power demand, national policies, the National Power System Master Plan, and the legal infrastructure.

INTRODUCTION
Reliable energy supply is critical for the socio-economic development of any nation. It is one of the essential inputs in the industrialization process. When examining the cases of developing countries that achieved higher levels of industrialization in the last few decades, one can conclude that energy production and consumption should grow proportionately with industrialization. The process of industrialization in Tanzania faces several challenges, one major one being poor access to adequate and sustainable energy. As one of the least electrified countries in the world, manufacturing firms in Tanzania experience on average almost nine power outages per month, costing about 15.1% of total sales for the affected firms [1]. Currently, the electricity distribution infrastructure in mainland Tanzania extends to a length of 176,750.9 km. The Energy Access Situation Report of 2016 shows that 32.8% of all households in mainland Tanzania were electrified with some form of electricity. Of the electrified households, 74.9% received electricity supplied through the grid, 24.7% were electrified by solar power, and 0.3% used electricity generated from privately owned sources (excluding solar) [2,3]. This indicates a significant gap in energy access that hinders economic growth and industrialization. Addressing these energy challenges is crucial for the country's development and for achieving sustainable industrial growth.

Tanzania's current reliance on hydropower and natural gas for a significant portion of its electricity needs poses a vulnerability to the country's energy security [4]. The Tanzania Electric Supply Company (TANESCO) reports indicate that power shortages are a recurrent issue, with drought-induced reductions in hydropower output exacerbating the situation [5, 6]. The repercussions of such shortages are manifold, impacting not only domestic consumers but also the planned critical infrastructure projects like the Standard Gauge Railway (SGR) [7], which will heavily depend on consistent electricity supply for operations. To address the pressing need for a dependable power source resilient to climatic variability, alternative energy solutions are being explored. Among these alternatives, Small Modular Reactors (SMRs) present a promising option due to their inherent advantages, including reliability, scalability, and reduced environmental impact compared to conventional power generation methods [8]. SMRs will offer the potential to diversify Tanzania's energy mix, mitigate the risks associated with climate change, and bolster the country's sustainable development agenda [8]. Literature indicates that three SMRs were operational in 2022, located in Russia, China, and India [9]. Three more were under construction, while 65 SMRs were still in the design stage. Most of them had a capacity of between 100 and 300 Megawatts (MW). Due to their cost-effectiveness compared to large nuclear power plants (NPP), many countries have expressed interest to integrate SMRs in their energy mix.

In the light of the review above, it is evident that climate change has made hydropower less reliable due to droughts and that continued reliance on fossil fuels for power generation will further accelerate the climate change. Therefore, attempts were made to assess the potential for introducing Nuclear power (starting with SMRs) in Tanzania’s energy mix in order to enhance energy security at the same time meeting power de-carbonization objectives. To achieve this, questionnaires were distributed to key stakeholders for data collection. These stakeholders include the Tanzania Atomic Energy Commission (TAEC), which is the regulator and promoter of safe applications of nuclear technology in the URT; the Tanzania Electric Supply Company (TANESCO), responsible for the production and supply of electricity in the URT; and the Tanzania Railway Corporation (TRC), which will manage the SGR project. Data on past, current, and projected national electricity demand; plans and government initiatives for energy security; projected power requirements for running the SGR; possibilities for SGR route expansions; operational schedules; passenger and freight volumes; and policies and legal infrastructure supporting the deployment of nuclear energy were analysed and are presented in this paper.
HISTORICAL POWER SHORTAGES AND CURRENT INSTALLED POWER CAPACITY
In 2006, 2009, and 2023, prolonged droughts and a natural gas deficit led to significant power shortages, disrupting economic activities that heavily depend on a reliable electricity supply. As of June 2024, the power generation capacity stands at 2,373 MW, distributed as follows: 1,071.3 MW (45.2%) from hydropower, 1,198.8 MW (50.5%) from natural gas, 92.4 MW (3.9%) from heavy fuel oil, and 10.5 MW (0.4%) from biomass. The installed power capacity increased from 2,138 MW in 2023 to 2,373 MW in 2024 after activating one unit of the Julius Nyerere Hydropower Plant (JNHPP), which contributed 235 MW to the national grid. In 2023, the installed capacity was 2,138 MW; however, due to prolonged drought and a natural gas deficit, which together significantly affected about 95.2% of the total installed power capacity (39.1% from hydro and 56.1% from natural gas), the power system failed to meet the demand of 1,470.5 MW, supplying only 1,270.5 MW, resulting in a shortage of about 200 MW. Recently, in early 2024, power shortages were again observed attributed to prolonged drought and a natural gas deficit. These shortages underscore the urgent need for diversification of energy sources and investment in nuclear energy technologies, which are not affected by climatic changes. Without significant changes, the risk of future shortages remains a critical challenge for the country's economic stability.

PAST AND PROJECTED ELECTRICITY DEMAND
National electricity coverage in Tanzania is about 45.8%, with 73.2% of the urban population and 24.5% of the rural population having access to electricity. However, ongoing efforts like the Tanzania Rural Electrification Expansion Program (TREEP), implemented by the Rural Energy Agency (REA), aim to achieve 100% rural electrification by June 2024 [11]. This ambitious goal involves connecting all 12,318 villages to the national electricity grid, significantly boosting overall access and increasing power demand. Currently, Tanzania is recovering from an energy crisis caused by a drop in hydropower generation capacity due to a deficit of natural gas and prolonged droughts from climate change. This crisis led to significant load shedding and outages. Power demand has risen from 934.62 MW in 2014 to 1,470.5 MW in 2023 (Fig. 1). Projections indicate that power demand will further increase to 2,677 MW in 2025; 4,878 MW in 2030; 8,554 MW in 2035; 12,854 MW in 2040; 17,611 MW in 2045; and 23,211 MW in 2050. This represents a 2.0, 3.0, 4.1, and 5.5-fold increase for 2035, 2040, 2045, and 2050, respectively, compared to 2023 [12].
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FIG. 1.  Chart showing the trends on power demand in Tanzania
Therefore, based on the projected increase in power demand and the uncertainties surrounding climate change and natural gas supply, the introduction of nuclear energy into the energy mix is inevitable. In this case, SMRs are recommended due to their lower cost compared to large nuclear power plants (NPPs). Their scalability and enhanced safety features further position them as a viable and sustainable solution for Tanzania's evolving energy needs. Moreover, SMRs offer flexibility in deployment, allowing for modular expansion tailored to specific energy demands and geographical constraints [8]. Additionally, their relatively smaller footprint and quicker construction timelines make them well-suited for addressing Tanzania's urgent energy requirements while minimizing environmental impact [8].
GOVERNMENT INITIATIVES TO ENHANCE ENERGY SECURITY

4.1. National policies

Nuclear as a source of power is mentioned in the National Nuclear Technology Policy of 2013 [13] and in the Power System Master Plan 2020 where it is recommended that “there is need to prepare Implementation Strategies including capacity building on nuclear power generation” (p.E-7) [8]. In addition, the Atomic Energy Act No.7 of 2003 gives TAEC the responsibility to promote peaceful application of nuclear technology including power generation using nuclear technology [14]. Acknowledgement of nuclear energy in the national policies and legislations is a clear indication that government is committed to consider nuclear in the energy mix. Therefore, it is high time for key stakeholders including promoters of nuclear technology in Tanzania (TAEC), TANESCO, Ministry of Energy (MoE) and major power consumers (e.g. industrial sector, SGR system operator, etc.), and reputable international nuclear agencies, among others to take initiatives, collaborate and advise the government on how to embark to nuclear power program. This work is one of such initiatives.
4.2. Construction of Julius Nyerere Hydropower Plant (JNHPP)

The JNHPP is a hydroelectric dam under construction across the Rufiji River in eastern Tanzania. The power station is expected to have an installed capacity of 2,115 MW when completed by the end of 2024 ranking ninth largest in the world and the largest power station in East Africa [15]. The completion and operationalization of the JNHPP project will increase the total national installed capacity to 4,253 MW. This total includes the current 2,138 MW installed capacity from various sources, 235 MW from the current initial contribution of one unit of the JNHPP, and an additional 1,880 MW from the remaining eight units of the JNHPP expected by the end of 2024. Based on the projections, this capacity will meet national demand until early 2030 (Refers to Fig 1). However, as climate change intensifies, the hydropower sector faces growing vulnerability to recurring droughts, which could undermine its ability to meet power demand. Consequently, there is a looming risk of power supply shortages as demand continues to outpace available resources, highlighting the need for proactive measures to ensure energy resilience and security.
4.3. Other initiatives
The government through TANESCO has decided to increase the share of renewable energy in its energy mix to 40%, for both environmental and financial reasons. For this reason, a Feasibility study of a 150 MW solar photovoltaic power plant in Shinyanga (Tanzania) was launched [16].  The Feasibility Study have been completed and Construction of the first phase 50MWp of the Project has been started to be commissioned at the end of 2025. Promoting use of biogas and investments in wind power generation projects are among several government initiatives to increase power generation.
THE ELECTRIFIED STANDARD GAUGE RAILWAY (SGR) PROJECT
The TRC is embarking on an ambitious plan to expand its railway network, primarily through the construction of SGR lines parallel to the existing Meter Gauge Railway (MGR). This expansion is designed to enhance transportation capacity without disrupting current MGR operations. Consequently, the introduction of SGR lines is expected to significantly increase operational schedules, passenger traffic, and freight volumes. These initiatives are integral to the government's overarching agenda to modernize national infrastructure and stimulate economic growth. 

The construction of the SGR reflects Tanzania's steadfast commitment to modernizing its transportation infrastructure and promoting sustainable development. Additionally, it seeks to bolster regional connectivity and facilitate cross-border trade and commerce. The ongoing expansion of the railway network, specifically through the implementation of SGR projects, underscores Tanzania's proactive approach to meeting the evolving demands of its growing economy. The SGR construction is progressing in phases, with Phase I spanning from Dar es Salaam to Mwanza. This phase encompasses approximately 1,219 km of mainline and 377 km of siding and loop lines, divided into distinct construction LOTs:
· LOT 1: Dar es Salaam to Morogoro (300 km, 205 km mainline and 95 km siding or loop lines), currently under construction.

· LOT 2: Morogoro to Makutupora (422 km), currently under construction.

· LOT 3: Makutupora to Tabora (368 km), currently under construction.

· LOT 4: Tabora to Isaka (165 km), currently under construction.

· LOT 5: Isaka to Mwanza (341 km), currently under construction.
Phase II of the SGR stretches from Tabora, with a total of 1,590 km of the mainline and 95 km of siding and loop lines, covering the following construction LOTs:

· LOT 1: Tabora to Kigoma (506 km), currently under construction.

· LOT 2: Uvinza to Musongati (280 km, with 180 km in Tanzania), not yet started.

· LOT 3: Kaliua to Mpanda to Karema (317 km), not yet started.

· LOT 4: Isaka to Rusumo to Kigali (495 km, with 356 km in Tanzania), not yet started.
The SGR operation is intended to serve both passenger and freight trains. The operation of passenger trains is planned to start in phases, highly depending on the completion of construction on particular LOTs. Initially, it will run from Dar es Salaam to Morogoro, and afterward, it will extend from Morogoro to Makutupora station in Dodoma. A total of two passenger train round trips per day are expected at the commencement of operations, with the number of trips anticipated to increase as demand grows. The freight train operation is expected to commence effectively after the completion of the port link section, which covers 4 km from the mainline junction.
The installed capacity of the traction power supply system is approximately 160 megavolt-amperes (MVA) from Dar es Salaam to Morogoro, covering a distance of about 205 km (mainline only). The estimated active power required for running the SGR train over this distance is about 128 MW, assuming a power factor of approximately 0.8 (the power factor is usually a dimensionless number between 0 and 1). Therefore, TANESCO is required to consistently supply this power for this critical infrastructure until 2030 for LOT 1 (Dar es Salaam to Morogoro). For LOT 2 (Morogoro to Makutupora in Dodoma), the installed power supply capacity is 280 MVA, with the active power required being 224 MW. This assumes sufficient rainfall and a steady supply of natural gas. However, beyond 2030, if all construction phases are put into operation, the total demand is projected to reach 2,000 MVA to 3,000 MVA, which is equivalent to 1,600 MW to 2,400 MW, which exceed the currently installed total power generation. 
As national power demand continues to increase by 3.0, 4.1, and 5.5 times by 2040, 2045, and 2050, respectively, powering the SGR might not be feasible without significantly affecting other economic sectors that are highly dependent on electricity. To prevent this, reliable power sources such as SMRs or NPP need to be introduced into the energy system. It is important to note that the SGR is expected to facilitate the transportation of people, as well as goods produced by other sectors such as industrial and agricultural. Therefore, both sectors must be adequately powered to support each other effectively.

PENDING TASKS TOWARDS DEPLOYMENT OF SMR IN THE URT

Phase I of the study focused on collecting electricity demand data, government’s initiatives to increase energy security and reviewing of the national laws and policies supporting deployment of nuclear power in the URT, and projected electricity demand by SGR, among others. Results indicate that electricity demand is expected to double in the next ten years necessitating immediate deployment of additional sources. It was revealed further that national policies and legal framework support the deployment of nuclear power in the URT. However, in addition to the International Atomic Energy Agency (IAEA) Milestones Approach to establish the infrastructure for a nuclear power programme [19], a number of tasks remain unaccomplished for a knowledgeable commitment to nuclear power program to be made. They include-

6.1. Collection of SMR technology data 
It is anticipated that technical specifications, performance data, and case studies of SMRs suitable for deployment in Tanzania's context will be gathered from technology holders, academic literature, industry reports, and discussions with nuclear energy experts, with assistance from the IAEA. This will include, but not be limited to, information on reactor designs, safety features, fuel types, waste management issues, scalability, cost, and other deployment considerations. International partners are welcome to express their readiness to work with URT in this ambitious move.
6.2. Socioeconomic Analysis

An extensive economic analysis will be undertaken to thoroughly evaluate the cost-effectiveness of SMRs in comparison to alternative energy sources. This analysis will encompass a comprehensive assessment of various factors, including capital investment, operational expenses, fuel costs, and maintenance requirements. Additionally, it will examine the potential for revenue generation through electricity sales and the cost savings resulting from reduced reliance on diesel generators during power shortages. Furthermore, the economic analysis will delve into the potential socioeconomic benefits associated with the deployment of SMRs. This will involve evaluating factors such as job creation, local economic development, and enhanced energy security. Stakeholder consultations will play a crucial role in gathering insights into the broader impacts of SMRs on Tanzania's economy and society. Moreover, economic modelling and thorough case studies of SMR projects implemented in other regions will provide valuable benchmarks and insights into the feasibility and implications of integrating SMRs into Tanzania's energy infrastructure. This multifaceted approach aims to ensure a comprehensive understanding of the economic viability and potential benefits of SMRs for Tanzania's energy landscape.

6.3. Siting and Environmental Impact Assessment

Site selection and environmental impact assessment (EIA) will be conducted to evaluate the potential environmental consequences of SMR deployment, including water usage, waste generation, and ecosystem impacts. Mitigation measures to minimize adverse environmental effects will also be identified and incorporated into the feasibility assessment report. Tanzania has a total area of 945,087 square kilometres and an Indian Ocean coast line approximately 1,424 km long therefore several potential sites exist.
6.4. Stakeholders Engagement/Consultations

Engagement with key stakeholders, including government agencies, regulatory bodies, industry partners, local communities, and civil society organizations, will be conducted from the beginning to gather their inputs, address concerns, and foster collaboration towards the successful deployment of SMRs in Tanzania.
CONCLUSIONS
The current installed capacity is expected to meet projected national demands until 2030, provided there are no severe weather conditions (e.g., droughts) affecting the hydropower sector, and there is a constant supply of natural gas. In the first phase (LOT 1 and LOT 2) of operation, the SGR project is anticipated to consume 352 MW (~8.3%) of the current power generation capacity, including the full contribution of JNHPP. However, upon completion of all LOTs in the first and second phases, the increased volume of both passenger and freight transport will lead to greater demand for electricity to power SGR operations. Nevertheless, the estimated power demand by early 2030 and beyond surpasses the projected power supply. Therefore, additional power sources are necessary to ensure that no economic sector is significantly affected by power shortages, as these sectors complement each other. Immediate deployment of SMRs is highly recommended in line with national policies, the Power System Master Plan, and the legal infrastructure.
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