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Abstract

:

The idea of damming the Congo River has persisted for decades. The Grand Inga project, of up to 42 GW power generation capacity, can only be justified as part of a regional energy master plan for Africa, to bridge the energy gap on the continent. Proponents of very large dams have often exaggerated potential multiple benefits of a mega dam, marginalise environmental concerns and neglect the true risk of such projects, in particular for the fragile economies of developing countries. Studies have reported the financial risks, cost overruns and schedule spills associated with very large dams. In addition, most of the dams in the region are poorly managed. Therefore, the type and scale of Grand Inga is not the solution for millions of not yet electrified people in Sub-Saharan Africa. In this research, scenarios are defined based on announced costs and expected costs. Cost escalations in the range from 5% to 100% for the Inga project in 2030 and 2040 are considered, as average cost overruns are typically at about 70% or higher for similar mega-dams. It was found that when the cost overrun for the Grand Inga project exceeds 35% and −5% for 2030 and 2040 assumptions, respectively, the project becomes economically non-beneficial. In all scenarios, Sub-Saharan Africa can mainly be powered by solar photovoltaics to cover the electricity demand and complemented by wind energy, supported by batteries. Hydropower and biomass-based electricity can serve as complementary resources. The grid frequency stability of the power system is analysed and discussed in the paper. Benefits of the Inga hydropower project have to be increasingly questioned, in particular due to the fast cost decline of solar photovoltaics and batteries.
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1. Introduction


Energy is vital to Africa’s development [1]. Africa needs clean, consistent, and cost-effective energy supply to meet the current energy deficit and future demand. The currently insufficient generation capacity and growing demand require rapid response, and they should be managed in a sustainable way [2]. Therefore, investment in a sustainable energy infrastructure is a crucial link between economic growth, development and climate action. Renewable energy optimization will reduce the reliance on fossil fuel as the predominant energy source in the power system, and address socio-economic development needs and vulnerability to environmental alterations [3,4].



One proposed response to address the energy challenges and persistent infrastructural gaps in Africa is to significantly increase investment in large hydropower dams [5,6]. The scramble for hydropower development in the region can be best understood as electricity fits into the larger dynamics of capitalist accumulation and crisis in Africa [7]. So the question arises, are large dams the solution to energy insufficiency and should more dams be built in Africa? This is especially relevant when considering that most dams in Africa underperform due to poor maintenance [5]. Additionally, hydro-dependent power systems are susceptible to power cuts due to the exacerbating effect of droughts and water shortages [8]. These precarious situations have resulted in dwindling power availability in African countries with high dependence on hydropower, such as Zambia, Zimbabwe and Ethiopia [9]. Nevertheless, advocates of large dams are predictably over-optimistic about schedule, cost and benefits of hydropower project development; they often envisage and exaggerate on multiple public benefits [10,11], disregarding the true risks of the project to host communities and the consequence to fragile economies especially in Sub-Saharan Africa (SSA) [7,12], and often downplay environmental and social cost [9,13]. This occurs while facing the requirement of 100 bUSD, almost three times the Democratic Republic of Congo’s (DRC) estimated GDP for the year 2011 [14].



About 95% of those living without electricity reside predominantly in rural areas of SSA and developing Asia [1], in countries often hosting of large hydropower dams, showing how ineffective the “hydro dam strategy” is as an option for electrification of rural areas [7]. For instance, the power harnessed from Grand Inga is not envisioned for supplying electricity to domestic users or increase electricity access to rural areas [15]. Instead it is intended to cover points of high demand such as cities and industrial centres, or to be exported through electricity highways [14,15]. Similarly, large hydro dams such as Kariba and Cahora Bassa on the Zambezi River, have supplied electricity to urban and industrial zones, but have mostly bypassed rural needs [16]. Thus, off-grid renewable energy (RE) technologies, particularly photovoltaic (PV) based technologies (solar home systems and mini-grids) could provide a sustainable solution to energy challenges where the cost of grid extension is not economical [17,18,19]. Hence, there is an imminent need to address the delusion or false prevailing perception of large hydro dams as a solution to big energy problems [8]. In addition, decision and planning for energy development in SSA should strike a balance between energy needs for industrial purpose and human development [7].



Large scale hydroelectric developments are, largely, contentious and controversial due to their social, environmental and financial impacts [10,11]. Social impact of dams have been studied since the 1960s [20], and roughly 200 million people have been displaced due to infrastructure development. Displacement due to dam development accounts for 40% (80 million) of the total displaced population [20,21]. Additionally, profound environmental impacts are associated with development of large dams [5,10,22,23]. Adverse environmental debasement such as climate change, drought, hydrological interference and associated downstream impact have been a major problems in a number of African hydropower projects [15]. Beyond environmental and social impacts, large hydropower projects are often susceptible to substantial financial risk due to cost overruns and schedule spills [10,23,24,25,26,27,28]. Hydro dams cost a great deal of capital upfront, and funding agreements are extremely leveraged with debt, usually accounting for 70 to 80% of the overall funding [11]. Previous studies on large projects reveal that the cost escalation is traceable to various reasons; political-economic influence and optimistic bias perception are major causes of overruns [10,25,26,29]. In [26], 58 dams financed by the World Bank from 1976 to 2005 were analysed. The study reports that about 78% of dams exceeded their initial estimated cost. The authors concluded that the traditional cost-benefit approach for appraising dams might not be sufficient to evaluate the level of uncertainty associated with their construction costs, which raises question on improving assessment methodology. Recent studies have recommended using reference class forecasting to improve performance of cost escalation analysis [10,25,26]. Another study analysed 61 hydropower plants and reported that these plants exhibit an average cost escalation of 71%, while 35 wind farm projects and 39 solar plants experienced 7.7% and 1.3% average cost escalation [30]. The authors reported the impact of skewed distribution of hydropower cost on their statistical analysis. According to their analysis, dams with large reservoirs incurred the most significant cost overrun, and some individual projects such as the La Grande 2 Dam in Canada, Three Gorges Dam in China, and Sayano–Shushenskaya Dam in Russia, had between 17 and 48 billion USD in cost overruns.



Nonetheless, there is a prevalent need for expansion of power generation in SSA, due to chronic power shortage and increasing demand [11,31]. Furthermore, SSA electricity demand is expected to grow over 3 times by 2040. In this time, demand from industry will double while residential demand will grow more than five times the current level [32]. Figure 1 shows the total active installed power generation capacities at the end of 2014 in SSA, and illustrates the almost complete reliance on fossil fuels and hydropower in the region [33]. The region has a huge untapped RE resource potential, sufficient to close the energy access gap, and could be achieved by stimulating new investments in RE technologies [1].



Globally, RE technology installation capacities are growing fast due to their constantly declining costs [34]. Particularly, the price of solar PV modules has fallen by 80% since the end of 2009 [35] and continues to decline [36,37]. PV offers economic solutions in regions with already high but also low electrification rates for new capacity additions and for meeting demands on-grid and off-grid [17,35]. Recent studies have explored the possibility of 100% RE based power systems in different countries and regions [38,39,40,41]. Barasa et al. [40] described a 100% RE energy system for SSA, covering the electricity demand of the sectors power, water desalination and industrial gas. The result of the modelling of Barasa et al. determined a cost optimal mix of the various technologies for the year 2030. According to the results, the least cost energy solution for SSA will be powered mainly by solar PV and complemented by wind energy [40]. The results of Barasa et al. [40] are integrated in a global context in Breyer et al. [41]. Blechinger et al. [19] modelled two scenarios to understand the impact of future grid extension in SSA, and in both scenarios grid extension led to the highest share of electrified people followed by solar home systems and lastly mini-grids. In Africa, solar PV has transcended from the government-donor niche to a commercial based market [42].



Furthermore, in fully RE based power systems, the frequency stability (to be precise, system inertia) is regarded as one of the greatest concerns of Transmission System Operators (TSOs) around the world. The term ‘inertia’ is referred to the total amount of kinetic energy stored in the rotating mass of synchronous generators [43]. The system inertia is low with high penetration of variable RE since the rotating mass of the connected synchronous machines is reduced. The lower inertia means that connected frequency regulation reserves must be able to respond faster than currently [44,45]. In this study, rate of change of frequency (ROCOF) when only synchronous generation (hydropower, biomass power plants, and geothermal units) contributes to the frequency balancing was first calculated. Then synthetic inertia of wind turbines is included, then the synthetic inertia from solar PV plants. Finally, the synthetic inertia contribution from the battery units is included.



In this article, a 100% RE system in SSA will be analysed, based on the utilization of different RE resources, as well as storage and grid technologies. The primary focus of this study is to present an overview analysis of the impact of developing the Grand Inga project in the Democratic Republic of Congo (DRC) and SSA. Section 2 provides an overview of the Inga project’s historical development and Section 3 discusses the sustainability concerns of hydropower development on Congo River. The methodology and model used, including assumptions, construction and formulation of scenarios, are presented in Section 4 and Section 5. In Section 6, results are reported for the years 2030 and 2040. Frequency stability of the power system is analysed in Section 7. The discussion and conclusions are presented in Section 8 and Section 9, respectively.




2. Grand Inga Project: The History and Development


The Inga Rapids have been long targeted for hydropower development [46]. The idea of using the Congo River for electricity production dates back to 1885, and the site was noted in a world survey in 1921 and endorsed by the Belgian colonial authorities in the 1950s [11,46,47]. The features of the Congo River make it of special interest to hydropower development; it is the second largest river in the world in terms of water flow rate (42,000 m3/s) after the Amazon, and the second longest river in Africa after the Nile, starting from the plateaus and mounts of the Rift Valley, meandering its way around the equator, and discharging finally into the Atlantic Ocean [48]. The Inga Rapids and waterfalls give the Congo River an enormous hydropower potential, with an estimated power generating capacity of 42 GW [11]. With such a generation capacity, and if the project is ever completed, Grand Inga would emerge as the single largest source of hydropower in the world, and is intended to bridge the energy gap in Africa [11,12,49].



The details of the Grand Inga project have changed significantly over the years [50]. The project is divided into eight dams and seven phases [49]. The first two phases of the Inga electricity scheme were commissioned in 1972 and 1982, Inga 1 (351 MW) and Inga 2 (1424 MW), respectively [11,12,51]. Inga 1 and Inga 2, were built disregarding the feasibility study that found both projects to be uneconomical and far exceeded the DRC’s electricity needs at that time. Power from both dams has mainly served the Katanga valley mines and the export market. It is estimated that the cost of the Inga 1 and Inga 2 dams constitutes over half of the DRC’s current external debt [7]. The construction of the Inga-Kolwezi transmission line, a 1725 km long transmission line to the Katanga copper belt, accounted for the biggest share of the DRC’s debt problem during the 1990s. The construction cost of the transmission line quadrupled from the initial estimated cost to reach 1 bUSD [52]. In addition the Inga 1 and Inga 2 dams have operated at continuously decaying capacity during their lifetimes, as their state of operation and maintenance have deteriorated the over time since their commissioning [49,53]. As of 2002, these dams were operating at only 40% capacity due to lack of maintenance, financial mismanagement, corruption and poor governance [51,52].



The subsequent phases of the Inga scheme is the construction of Inga 3 (low-head) with an estimated capacity of 4755 MW, which is planned to be completed in 2020 [11] but not yet started. Figure 2 shows the Congo River and Inga phases. Following phases of the Inga project, maximum installed capacities and assumed years are as follow: Inga 3 high-head (2025) 3037 MW, Inga 4 (2030) 7182 MW, Inga 5 (2035) 6970 MW, Inga 6 (2040) 6684 MW, Inga 7 (2045) 6706 MW and Inga 8 (2050) 6747 MW [11]. Three consortia have expressed interest in the development of Inga 3: China Three Gorges Corporation and Sinohydro; a consortium of South Korean (Posco and Daewoo) and Canadian (SNC Lavalin) companies; and third one is composed of Spanish companies [32].



The Grand Inga project may be too costly, and it was estimated 10 years ago at over 80 bUSD, of which 12 bUSD would be for the initial Inga 3 base chute phase [53]. Projects of this scale require substantial capital, expertise and strong governance, all of which have suffered huge setbacks in SSA to varying degrees [11]. Moreover, continuing with the development of the Inga dams would be trusting capital to a government that has continuously failed to maintain and operate the already operating dams properly [7,55].




3. Energy and Environment: Hydropower Development and Congo River Sustainability Concerns


The Congo River basin is home to the second largest tropical forest and world’s largest tropical swamp, altogether about 2 million km2 [56] of area distributed over the countries of Cameroon, Congo Republic, DRC, Equatorial Guinea, Gabon and Central African Republic. This rainforest area is often referred to as “the lungs of the Earth” together with the Amazon, the only other river and tropical forest bigger than the Congo itself. The Congo River basin is the habitat of vast wildlife including 5862 species of birds, 460 species of reptiles, 552 species of mammals, including 2 species of gorillas and 2 species of chimpanzees [56], all unique to the multiple ecosystems of the Congo river basin.



Regarding vegetation, this is suspected to be the richest region of the world regarding of density of plant species per unit of area [56]. Different estimates account for as much as over 35,000 species of plants in the Congo River basin [56], of which 2427 are endemic and some of them endangered. Analysis by satellite imagery from the years 1986 to 2003 carried out by [57] shows that the deforestation rates of the Congo basin are rather small in the central region of the forest, likely due to the difficult access to the areas and low population densities. In contrast, coastal areas experience already a much higher rate of deforestation, as the jungle is vulnerable due closeness to more dense population centres and to trade routes.



Hydroelectric guiding construction protocols are lacking in some tropical developing countries, and small dams (<10 MW) are exempted in many countries from any formal decision making process [13]. In order to carry out a feasibility study and environmental and societal impact analysis of Inga 3, the World Bank approved a fund of 73 mUSD in March 2014 [58,59]. Even though the project has been in consideration for decades, this is the first time environment and societal costs were taken into consideration, and funding was dedicated to sustainability. Until now sustainability issues was disregarded by the stakeholders of the project even after the deployment of Inga 1 and Inga 2, the first two phases of the project. Already 30% of the water of the Congo River is being diverted for hydropower production at the hydropower stations Inga 1 and Inga 2 [60]. Development is greatly required in the region and development benefits are analysed and clear [61], but a more serious consideration of the ecosystem needs to be taken into account, since the organization that developed and conducts the most universally used hydropower sustainability assessment is under constant criticism for lack of transparency and deepness of the sustainability research [62].



Methane (CH4) is the second most impactful greenhouse gas (GHG) after carbon dioxide, it accounts for over 20% of alteration in the radiative forcing due to anthropogenic GHG emission to the atmosphere [63]. Hydroelectric reservoirs, particularly in tropic regions, constitute an appreciable source of CH4 to the atmosphere [64]. In some cases CH4 can reach up to 70% of the total reservoir emissions [65]. Large and deep tropical reservoirs are frequently thermally stratified, which inhibits water mixing and diffusion. This situation enhances CH4 emissions [64,65]. Global large dams have been found to release 104 ± 7.2 Tg CH4 yearly to the atmosphere via reservoir surface, turbine and spillways [63], equivalent to 1.3–1.5% of global GHG emissions from methane sources of 2010 levels, and representing 0.2% of all global GHG emissions.



While there are techniques to diminish the impact of a hydropower plants on hydrological systems and ecosystems (such as run-of-river set ups, sludge gates, fish ladders, etc.), it is not possible to entirely eliminate all effects on hydrological systems.




4. Methodology and Model Description


4.1. Model Overview


The power system used in this study was developed to match generation and power demand for every hour of the simulated year. In addition, a model was designed based on linear optimization of energy system parameters, characterised by having an objective function for cost optimization under certain constraints [66]. The model is compiled in using MATLAB (R2016a, The MathWorks, Inc., Natick, MA, USA) [67], while the optimization is carried out in MOSEK (version 8, Mosek ApS., Copenhagen, Denmark) [68]. It is composed of electricity generation technologies, storage technologies, electricity transmission technologies and finally the bridging technologies, which provide flexibility to the energy system. The hourly modelling results in a more accurate system description, highlights flexibility, and presents a synergy effect of various power generation and storage technologies required to be installed to attain a fully RE-based power system. The model has been used before to conduct studies for several different regions so far, and a detailed description can be found in [38,39,40,41]. For this analysis, the integration of desalination and non-energetic industrial gas demand was not included. Detailed model description, equations and applied constraints can be found in Bogdanov and Breyer [39]. Additional technical and financial assumptions are provided in the Supplementary Material to this paper.



The target function of the model is to optimize the system so that the total annual energy system cost is minimized. This cost is calculated as the addition of the annual costs of the installed capacities of each technology, electricity generation costs, and costs of generation ramping. In addition, the energy system takes account of the PV prosumers for residential, commercial and industrial sectors and their respective capacities of rooftop PV systems and batteries. The target function for prosumers is the minimization of the cost of consumed electricity. This cost is calculated as the sum of self-generation cost, annual cost, and cost of electricity consumed from the grid. A multi-node approach is utilised in the model, which allows for the definition of any preferred configuration. The main optimization constraint is to guarantee electricity coverage of local demand is considered on an hourly basis for the applied year, as shown in Equation (1). The model overview is shown in Figure 3.
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The key constraint of the system optimization is given in Equation (1). It is well-defined as for every hour of a year in each region, electricity generation from all the technologies (Egen,t), imported electricity from the regions (Eimp,r) and electricity from storage discharge (Estor,disch) should be equal to the total demand for an hour (Edemand), electricity exported to other regions (Eexp,r), electricity for charging storage technologies (Estor,ch) and curtailed electricity (Ecurt). Other abbreviations used in this equation are: hours (h), technology (t), all technologies used in modelling (tech), sub-region (r), all sub-regions (reg). Equation (2) provides the target function for system optimization. The abbreviations used here include (CAPEXt)—capital cos of each technology, (crft)—capital recovery factor for each technology, (OPEXfixt)—fixed operational cost for each technology, (OPEXvart)—variable operational cost each technology, installed capacity in a region (instCapt,r), electricity generation by each technology (Egen,t,r), ramping cost of each technology (rampCostt) and annual total power ramping values for each technology (totRampt,r).



The technologies introduced in the LUT Energy System model used to analyse the SSA region can be categorized into four main groups: technologies for electricity generation, storage technologies, bridging technologies and electricity transmission technologies.



The electricity generation technologies introduced in the model include various PV technologies (ground-mounted fixed tilted, single-axis, and rooftop solar PV systems), hydropower (run-of-river and reservoir based), biomass plants (solid biomass and biogas), wind onshore turbines, geothermal power plants, concentrating solar thermal power (CSP) and waste-to-energy power plants. Due to the intermittency of RE and to ensure steady supply of electricity, the RE technologies are complemented by various storage technologies. These technologies are pumped hydro storage (PHS), batteries, adiabatic compressed air energy storage (A-CAES), thermal energy storage (TES) and power-to-gas (PtG). Regarding transmission of electricity, inter-regional transmission grids are modelled by applying high voltage direct current (HVDC) technology, while power distribution and transmission within the sub-regions are assumed to be based on standard alternating current (AC) grids which are not part of the model. All technologies are shown in the Figure 4.




4.2. Subdivision of the Region and Grid Structure


The subdivision and grid configurations of SSA are shown in Figure 5. Existing HVDC interconnections of SSA are shown by dashed lines. The structure of the assumed HVDC grid for the scenarios (solid lines) is based on the existing configuration of SSA power pools and the respective load centres. The overview of transmission line parameters is presented in the Supplementary Material (Table S1). The study considered 51 countries that are merged or subdivided into 16 sub-regions (Figure 5) and Supplementary Material (Table S2). The SSA regional network is based on area, population, and national grid connections.




4.3. Technical and Cost Assumptions


The financial assumptions are made for all energy system components for the years 2030 and 2040, and include operational expenditures (OPEX), capital expenditure (CAPEX), and lifetimes as tabled in the Supplementary Material (Table S3). For all scenarios, weighted average cost of capital (WACC) is set to 7%. However, WACC is set to 4% for residential PV prosumers due to lower expectations of financial return. The technical assumptions regarding energy-to-power ratios for storage technologies, efficiency numbers for generation, and power losses in HDVC power lines and converters are presented for the years 2030 and 2040 in the Supplementary Material (Tables S4–S6). Electricity prices for commercial, residential and industrial consumers for all countries in the region for the years 2030 and 2040 are derived according to Gerlach et al. [69]. Prices are presented in the Supplementary Material (Table S7). Excess electricity generated by PV prosumers is fed into the grid and is assumed to be sold for a transfer price of 0.02 €/kWh. The overview of prosumer electricity cost, installed capacity and energy utilisation for SSA in the years 2030 and 2040 is presented in the Supplementary Material (Tables S8 and S9).



The upper limits for all RE capacities were estimated according to Barasa et al. [40] and lower limits are obtained from Farfan and Breyer [33]. Upper and lower limits of installed capacities are presented in the Supplementary Material (Tables S10 and S11). It is assumed that solid biomass, waste and biogas fuels are available throughout the year evenly. A synthetic electricity demand profile is estimated using IEA data [1], based on an electricity demand increase for the years 2030 and 2040.




4.4. Potential for Renewable Energy Resources


The generation profiles for wind energy, optimally tilted PV, single-axis tracking PV and solar CSP were calculated according to Bogdanov and Breyer [39]. The hydropower feed-in profile was based on precipitation data for the year 2005 as a normalized sum of precipitation in each of the regions [70].



The biomass and waste resource potentials are obtained from the German Biomass Research Centre [71] and classified according to Bogdanov and Breyer [35]. The cost of biomass was based on data provided by International Energy Agency (IEA) [72] and Intergovernmental Panel on Climate Change (IPCC) [73]. For solid waste a 50 €/ton gate fee was assumed. Additional information on biomass and solid waste costs is provided in the Supplementary Material (Table S12).



The geothermal potentials are calculated for the sub-regions based on the available information related to heat flow rates and ambient temperature of the surface for the year 2005 [74,75]. For the sub-regions where the heat flow data was not available, extrapolation was performed to get the required data. The geothermal heat is estimated based on the available data in [76,77,78]. Regional biomass and geothermal energy potentials are presented in the Supplementary Material (Table S13).



The generation, load and grid profiles can be visualised in Supplementary Material (Figures S1 and S2). In addition, the state-of-charge of storage technologies is given in Supplementary Material (Figures S3 and S4).





5. Scenario Formulation


A range of scenarios has been formulated, in order to analyse the impact of the Grand Inga project on the SSA power system. To achieve the aim of this paper, categories of scenarios were formulated based on announced and overnight cost assumptions. The overnight cost assumption was based on the findings of Ansar et al. [10] with respect to cost overruns. The study reports that the actual cost of large hydro dam developments worldwide were on average 96% higher than the estimated cost. The authors report that the overrun cost figures exclude inflation, debt, environmental cost and social cost. The defined scenarios were based on an area-wide interconnected energy system, which assumes that all sub-regions are interconnected via HVDC lines. All scenarios will be analysed from a scope of assumptions for the years 2030 and 2040 for an evolutionary perspective. Since every subsequent stage of the Grand Inga would take years (up to over a decade) to be commissioned, a long term scope is used to compare it with more realistic market conditions of the project at the point of the start of operations.



5.1. Detailed Description of Scenarios


This section presents a conceptual description of the scenarios generated. All the generated scenarios will be compared to a reference generated and presented by Barasa et al. [40], simulated as an optimal future energy mix for the region. The difference between the reference scenario and the proposed scenarios will remain in the CAPEX assumptions for individual hydro dam and hydro run-of-river plants according to the announced numbers for the specific Grand Inga stages. The cost assumptions for all other technologies remain the same as in the reference scenario, and the capacities are then optimized by the model.



5.1.1. No Inga Scenario


The base scenario proposed in this paper does not consider any of the stages of Grand Inga deployed. This scenario assumption may appear unrealistic when considering that the first two stages of the project, Inga 1 and Inga 2, have been commissioned in the year 1972 and 1982, respectively. However, it is due to continuous mismanagement and lack of maintenance [7] that the hydropower stations have been underperforming and experienced continuous shut downs. Therefore, the scenario considers no further development of the Grand Inga and possibly, if the simulation proves it optimal, the rehabilitation of the Inga 1 and Inga 2 hydropower stations. As in every other scenario, a number of renewable and sustainable alternatives, including other smaller hydropower stations, will be considered in order to achieve an optimal mix for the energy system




5.1.2. Optional Inga 3 Scenario


Despite Grand Inga (GI) being under consideration for over 60 years, after the completion of Inga 1 and Inga 2 in 1972 and 1982, respectively, the Grand Inga project has been stuck for decades. Only in recent years the concept of the Inga 3 (I3) has been revised again, and according to the World Bank [79], from the amount granted to the DRC for feasibility studies since 2014, every quarterly report has returned with “high risk” and “highly unsatisfactory” tags. So far it seems to be socially, environmentally and economically pointless to further develop the GI project. Consequently, the second scenario proposed considers the rehabilitation of Inga 1 and Inga 2, and leaves the development of I3 open for realization. The deployment of I3 is analysed from the last CAPEX announced for the hydropower plant of 14 bUSD (10.8 b€) [80], up to the estimated cost overrun of +100% (rounded from 96% as already experienced) as it is the average cost overrun of large hydropower plants found by [8,26]. Since further stages of Grand Inga depend on the installation of Inga 3, for this particular scenario any GI deployment after Inga 3 is not considered. However, other minor hydropower plants, with an added potential of 283.2 MW estimated in [40], could still be deployed.




5.1.3. Forced Inga 3 and Grand Inga Scenario


In this scenario Inga 3 is forced into operation. Subsequent phases of the Grand Inga project with a number of steps between the last announced CAPEX for further developments of Grand Inga of 100 bUSD (76.9 b€) [81], to a maximum of up to +100% CAPEX cost overruns following the same assumption as for Inga 3 according to [10,28]. Just like in previous scenarios, all other RE and sustainable RE sources are considered, including other minor hydropower projects.






6. Results


In this section an overview of the findings of the study is presented. The least cost energy configurations were derived based on certain constraints and characterised by optimized installed capacities of RE electricity generation, storage and transmission for every technology used in the model. Consequently, respective hourly generation of electricity, charging and discharging of storage technologies, sub-regional electricity trade, and curtailment were obtained. The main financial results for all the scenarios in the years 2030 and 2040 are presented in Table 1 and Table 2, respectively, which include the following:




	
Levelised cost of electricity for primary generation (LCOE primary),



	
Levelised cost of storage (LCOS),



	
Levelised cost of curtailment (LCOC),



	
Levelised cost of transmission (LCOT),



	
Levelised cost of electricity in total (total LCOE),



	
Total CAPEX,



	
Total annualized cost (ann. cost),



	
Total RE capacity,



	
Total primary generation.








The installed capacities of main storage and generation technologies are presented in Table 3. In comparison to other RE technologies the share of PV dominates in all the scenarios. The share of solar PV installed capacity is approximately 170 GW and 600 GW for the years 2030 and 2040, respectively, for all the scenarios. PV single-axis tracking dominates the share of total installed PV capacity in all scenarios for the years 2030 and 2040. PV single-axis tracking constitutes about 110 GW in 2030 and 400 GW in 2040. This leads to a capacity share of all PV capacity of 47% in 2030 and 84% in 2040, which translates into an electricity generation share of 38% in 2030 and 77% in 2040. The share of wind installed capacity decreases from about 130 GW in 2030 to 60 GW in 2040, in all the scenarios, which is a consequence of the increasing PV competitiveness. The installed capacities of RoR hydro remained constant at 6.3 GW for Inga 3 announced and expected scenarios, and reached 11.1 GW for the Grand Inga scenarios in the year 2030 and 2040. And the installed capacity of hydro dams was about 20 GW in all the scenarios. For the year 2030, the share of geothermal installed capacity dropped from 4.6 GW for Inga 3 announced and expected scenarios to about 3.3 GW in the Grand Inga scenarios. However, for the year 2040 the share of geothermal capacity remained constant at 3.0 GW for all the scenarios. The installed capacity of municipal solid waste incineration plants remained constant at 1.7 GW and 1.9 GW in the years 2030 and 2040, respectively, for all the scenarios, since it is driven by the waste resource. In 2030, the share of biogas decreased from about 16 GW for Inga 3 announced and expected scenarios to about 13 GW for the Grand Inga scenarios. Meanwhile, the share of biogas remained constant at 4.8 GW for all the scenarios in the year 2040. In 2030, the solid biomass contribution remained constant at 2.6 GW for Inga 3 scenarios, and stayed in the range of 1.0 GW to 1.8 GW for the Grand Inga scenarios. By 2040, there was no solid biomass contribution in any of the scenarios.



Regarding storage capacities, the gas storage share dominates in all the scenarios. Battery storage capacity increased from approximately 230 GWh in 2030 to 1500 GWh in 2040. PHS storage capacity remained constant at 3.2 GWhel and 1.6 GWhel for the years 2030 and 2040, respectively, in all the scenarios. The installed capacity of A-CAES declined significantly in the year 2040, when compared to the year 2030. PtG capacity is approximately 6.0 GWel in the years 2030 and 2040, for all the scenarios. However, when storage throughput is considered, battery storage has a 58% and 91% share of throughput in 2030 and 2040, respectively. The highest share of battery throughput in all scenarios considered for the years 2030 and 2040 is 77 TWh and 498 TWh, respectively. The dominance of battery storage is due to its compatibility with solar PV and fast cost decline. The overview of storage capacities, output and full cycles per year for all scenarios in 2030 and 2040 are presented in the Supplementary Material (Tables S14 and S15).



Figure 6 and Figure 7 show the total annual cost trend for the GI scenarios in 2030 and 2040, respectively. From Figure 6 it can be seen that if the cost overrun exceeds 35% (as such projects usually do at least), the cost to the system is too high compared to the reference without GI. Furthermore, Figure 7 shows that even if the cost remains as announced, the cost to the system is too high compared to the alternative without GI for 2040 assumptions. This clearly shows that with cost overrun up to around +40% and 0% for 2030 and 2040 scenarios, respectively, the project is economically beneficial (not taking into account the environmental impact). Above that limit the economic benefit disappears and turns into a burden.



Figure 8 and Figure 9 and Figures S5–S8 in the Supplementary Material, show the LCOE of all the scenarios in the years 2030 and 2040; the figures show on the left and right the absolute and relative values of the LCOE, respectively. The relative value represents the percentage difference of absolute value of the respective scenario compared to the reference scenario.



The percentage difference in the levelised cost of electricity for Inga 3 announced cost scenario is presented in Figure 8 (top right) and (bottom right), for the years 2030 and 2040, respectively. Regarding regional average LCOE, it can be deduced that the impact of Inga 3 is negligible in both 2030 and 2040 cases, and the relative percentage differences in LCOE range from −3.2% to 0.8% in 2030 and from −2.0% to 0.3% in 2040, across the regions, while the overall regional relative averages are −0.4% and −0.1%, for 2030 and 2040, respectively. The overall average LCOE is 54.1 €/MWh in 2030 and 41.7 €/MWh in 2040 as shown in Figure 8 (top left) and (bottom left), respectively. According to the 2040 scenario, DRC experienced an almost negligible decrease in LCOE of 1.3%, while neighbouring regions faced mixed effects. In the adjacent regions the highest LCOE decrease was by −1.4%, while the West North region experienced an increase of 0.8%. Somalia experiences the steepest decrease in LCOE of −3.2%, which is still almost negligible. Furthermore, for the same scenario but with 2040 assumptions, the effects on the LCOE are further reduced closer to negligible levels, being less than ±0.5% difference in the whole region with the exception of Somalia (−2%) and the Kenya-Uganda region (−0.7%).



Similarly, Figure 9 (top right) and (bottom right) shows the percentage difference in LCOE for the Inga 3 expected scenario for the years 2030 and 2040, respectively. Regarding LCOE, the regional impact of Inga 3 in these two scenarios is as well negligible, the relative percentage difference in LCOE was in the range of −3.5% to 18.4% in 2030 and from −0.7% to 11.5% in 2040. However, most of the cost burden is allocated to the DRC as LCOE increases by 18.4% and 11.5% in 2030 and 2040, respectively. The overall regional average increased by 0.2% and 0.3% in 2030 and 2040, respectively, in comparison to the Inga 3 announced cost scenario. The overall average LCOE is 54.5 €/MWh in 2030 and 41.9 €/MWh in 2040 as shown in Figure 9 (top left) and (bottom left). In this scenario, DRC experience tremendous increase in LCOE, yet the benefit impact is negligible in the whole region, again with Somalia being the country with the largest benefit, though almost negligible, of −3.5% and −2% LCOE in 2030 and 2040 scenarios, respectively.



Furthermore, the percentage difference in LCOE for Grand Inga 0% scenario (cost as announced) for the years 2030 and 2040 is shown in Supplementary Material Figure S5 (top right) and (bottom right), respectively. The relative difference in the LCOE ranges from −11% to 12.9% in 2030 and from −7.5% to 16.1% in 2040, across the regions. With respect to LCOE, the regional impact of Grand Inga remains negligible in both years. For the year 2030, in this scenario the LCOE increases by 10.9%, 10.7% and 12.9% in Central, Congo and South West regions, respectively. By 2040, the LCOE increases by 16.1% in the host country. Meanwhile, Somalia and Djibouti experience −11.7% in 2030 and −7.9% in 2040 LCOE reductions. The overall regional relative average is −0.7% and 0.1% by 2030 and 2040, respectively. Supplementary Material Figure S5 (top left) and (bottom left) presents the LCOE numbers across SSA, where the overall average LCOE decreased from 54.0 €/MWh in 2030 to 41.7 €/MWh to 2040. Supplementary Material Figure S5 shows that in this scenario the effect of installing GI is no longer negligible. The DRC and its southern and northern neighbouring regions face a steep increase of LCOE of over 10% to a maximum of +12.9%, while the only regions receiving a non-negligible benefit are Somalia (with −11.7%) and Tanzania (−6.1%) in 2030. Furthermore, for 2040 the situation becomes more dire for DRC, as developing GI would result in a very significant increase of LCOE of +16.1%, while the neighbouring regions receive only a negligible benefit of −2% at most, even for just the announced cost of GI.



Similarly, Supplementary Material Figure S6 (top right and bottom right) shows the percentage difference in LCOE for the Grand Inga +50% scenario (cost 50% higher than announced) in the years 2030 and 2040, respectively. The relative percentage of the LCOE difference to the reference ranges from −11.7% to 29.0% in 2030 and from −7.8% to 31.1% in 2040, across SSA. The overall regional relative average increased to 0.3% and 0.7%, by 2030 and 2040, respectively. Similar to the previous scenario, LCOE declined by −11.7% in 2030 and −7.7% in 2040 in Somalia and Djibouti, while in the DRC the LCOE increased by 29% and 31% in 2030 and 2040, respectively. In this scenario the LCOE is 62.0 €/MWh in 2030 and 53.7 €/MWh in 2040 in the DRC, as shown in Supplementary Material Figure S6 (top left) and (bottom left), respectively. In this scenario, DRC bears a tremendous cost burden, while the LCOE decrease in most region was minimal, except for Somalia, in both years.



The percentage difference in LCOE for the Grand Inga +100% cost scenario (cost 100% higher than announced) is shown in Supplementary Material Figure S7 (top right) and (bottom right) for the years 2030 and 2040, respectively. The relative percentage difference in LCOE ranges from 0.0% to 42.2% in 2030 and from −7.7% to 46.9% in 2040. In this scenario, the DRC will experience 42.2% and 46.9% increase in LCOE, by 2030 and 2040, respectively. While the overall regional relative LCOE average increased by 2.0% in 2030 and 1.4% in 2040. The overall average LCOE is 55.5 €/MWh in 2030 and 42.3 €/MWh in 2040, as shown in Supplementary Material Figure S7 (top left) and (bottom left). The LCOE in DRC increased to 68.4 €/MWh in 2030 and 60.2 €/MWh in 2040, as shown in Supplementary Material Figure S7 (top left) and (bottom left). Similar to the previous scenario, the benefit impact on surrounding countries is still negligible without exception, while LCOE skyrocketed in DRC to +42.2% and +16.5% in the South-West region in 2030, resulting in an overall region increase of LCOE by +2%. For 2040 the situation for DRC only gets worse, as the increase of LCOE escalates further to +46.9%.



The percentage difference in the LCOE for the Grand Inga +35% and −5% scenarios is shown in Supplementary Material Figure S8 (top right) and (bottom right), respectively. In both scenarios the overall relative LCOE average was 0.0% for the entire region. Yet, DRC LCOE increased by 24.0% and 14.7%, in Grand Inga 35% and −5%, respectively. This implies that when cost overruns of Grand Inga increases the CAPEX by 35% in 2030 and −5% by 2040, the project brings no economic benefit to the electricity cost of SSA. The overall average LCOE is 54.4 €/MWh in 2030 and 41.7 in 2040 €/MWh, as shown in Supplementary Material Figure S8 (top left and bottom left), respectively. According to this scenario, DRC still experience an increase in LCOE; however, the impact is still negligible. In the adjacent regions the highest decrease was by 4% in 2030 and 1.4% in 2040, and a similar occurrence was noticed in regions in the West and East. Conversely, for Somalia LCOE decreased by 11.5% in 2030 and 7.8% in 2040.



Further graphical results are presented in the Supplementary Material (Figures S9–S13).




7. Frequency Stability


The conventional regulation concept is based on controlling the frequency with conventional prime movers such as thermal and hydropower generation. This conventional grid is known to possess large rotating mass due to the large synchronous machines that are directly connected to the grid. These large synchronous machines react naturally to the frequency deviations and large inertia guarantees that the ROCOF will be slow enough so that power generation plants are able to react to the change in frequency, either by increasing or decreasing their powers depending whether change in frequency is negative or positive, respectively. In fully renewable energy based power systems the inertia will become low, since the rotating mass of the connected synchronous machine is reduced [44,45]. The lower inertia means that connected frequency regulation reserves must be able to respond faster than currently. Frequency control reserves include power plants that react to frequency changes in the grid. Typically the reserves are divided into three parts: primary, secondary, and tertiary reserve. In principle, primary reserve is used to make sure that the peak change in frequency (i.e., frequency nadir) remains as small as possible and that frequency is balanced. The secondary reserves correct the frequency to its nominal value, and release the primary reserves for next possible event. Tertiary control optimises the use of reserves so that it is as economical as possible [82,83].



Here, the primary reserves are the main focus. Frequency limits how primary control reserves are activated varies from area to area. Since wind energy and solar PV plants are intermittent by nature their power production is limited by the available wind and solar irradiation. However, it has been shown that wind and solar PV can also participate into frequency regulation when so called synthetic inertia functionality is applied [84,85]. Also HVDC power lines can be utilized for balancing by applying the inertia emulation feature as shown in [86]. It is claimed that a wind turbine is capable of producing additional power up to 6% of the nominal apparent power for about 10 s [85]. In [82] it is also shown that solar PV plants could participate in frequency balancing by emulating the inertial property. It is concluded in [87] that in fully renewable power grids all the power generation sources that are capable of generating synthetic inertia must be utilized in order to maintain frequency stability.



Based on hourly connected generation capacities the ROCOF for the grid can be evaluated [88]. According to European Network of Transmission System Operators for Electricity (ENTSO-E) in Europe, 2 Hz/s is the reference value that generation units must withstand in the future [89]. This value is considered also here as a limit value that should not be exceeded. It is assumed that Sub-Saharan Africa’s network is interconnected via transmission lines as shown in Figure 5. First, the ROCOF is calculated when only synchronous generation (hydropower, bioenergy plants, and geothermal units) contributes to the frequency balancing. Then synthetic inertia of the wind turbines is included, and after the synthetic inertia from solar PV plants. Finally, the synthetic inertia contribution from the battery units is included. It is assumed that in 2030, 0.1% of the connected battery capacity is available for frequency balancing services, and in 2040 the corresponding number is 0.05%. The ROCOF values are considered with 4% change in generation or load that corresponds loss of 8 GW change in 2030 and 19 GW change in 2040. For the ‘I3 Announced cost’ scenario in 2040 the hourly ROCOF values when different generation provided inertia is applied are shown in Figure 10. The corresponding minimum and maximum ROCOF values are given for different scenarios in Table 4. It can be noticed that relying only on synchronous generation’s inertia will most likely result in unstable power networks. Therefore, utilization of synthetic inertia sources becomes mandatory in fully renewable power systems. Furthermore, it can be concluded that the role of battery energy storage systems is crucial when stability of the network is considered.




8. Discussion


In the light of improving the energy outlook of SSA, several institutions have proposed a cross-border energy integration scheme as a top priority for tackling the pertinent energy situation [7]. Hydropower projects, in particular large hydro dams and long distance power grid systems, are envisioned as the cornerstone of the African power grid, and as solution to the region’s energy woes [5,7]. Advocates of large hydro dams have often exaggerated the benefits of developing the Inga project, while the true risks of the project are neglected. However, it needs to be highlighted that a project of this scale may be overwhelming for the continent, due to several requirements that need to be fulfilled in order to realise its full completion [7,14]. To achieve a regional electricity project of this dimension, it calls for a further development of the cross-border transmission network from DRC to other regions of SSA [7]. By 2040, according to the New Policies Scenario of the IEA, the annual investment in the transmission and distribution grid should increase to about nine fold the current level [1]. Recent actions on grid expansions in SSA are undermined by increasing population growth in remote areas and by poor central grid and power generation [19]. The recipients of hydropower transmitted over long distance are not the un-electrified majority, but industries and urban centres, as happened in the case of Kariba and Cahora Bassa dams on the Zambezi River [7,16]. Yet, electricity from large hydropower will likely elude the majority of Africans who live far from the power grid, due to prohibitive cost of grid expansion [7]. In addition, power from large hydro dams such as the Inga are not intended to improve rural areas in need of electricity or supply domestic users [7,13,79]. This defers from Sustainable Development Goal 7 (SDG7) and the UN’s Sustainable Energy4All initiative; to achieve universal access by 2030 [90,91]. Hence, PV-based mini-grids and stand-alone solar home system solutions are less capital intensive and can ensure electricity access to millions in SSA. More so, identifying alternative electrification options (off-grid electrification) in places of grid extension for the un-electrified people, particularly in rural areas, is pertinent [92,93,94]. However, there is need to consider economic viability, geographical potential, compatibility of (renewable) technology options, spatial factors, and techno-economic analysis in identifying least cost electrification options to end energy poverty in remote areas of SSA [94,95,96].



Furthermore, electricity expansion via grid extension has not eradicated the energy poverty in SSA. The New Policies Scenario of the IEA suggests mini-grid and stand-alone technology to account for 26 TWh and 12 TWh of energy generation, respectively, in SSA by 2040, of which solar PV contributes 37% and 47% of the technology mix, respectively [1]. According to Blechinger et al., two scenarios were modelled to understand the effects on future grid extension plans in SSA. In the first scenario based on the existing grid, 76.6 million people (12%), 290.3 million people (47%) and 252 million people (41%) can be electrified by mini-grids, grid extensions and solar home systems, respectively. The second scenario, in which modelling was based on the planned grid, 50.5 million people (8%), 381.5 million people (62%) and 187.6 million people (30%) can be electrified by mini-grids, grid extensions and solar home systems, respectively [19]. Solar PV technologies dominate the off-grid market [97]. The market for solar-powered lights, solar home systems and basic appliances has grown rapidly over the past five years, with over 24 million units sold [98]. In the past five years, Pay-as-you-go (PAYG) solar companies have raised over 360 mUSD in capital and served about 700,000 customers in East and West Africa [98]. In addition, the prominent role of PV and battery technologies, according to this current study for a RE-based power system, needs to be highlighted. Solar PV emerges as the dominating technology in all the scenarios for the years 2030 and 2040 in SSA. The highest installed capacity in all scenarios examined is 176 GW and 630.6 GW in 2030 and 2040, respectively. The increase in installed capacity of PV by 2040 can be explained by an expected ongoing steady decline in PV cost beyond the year 2030 [99]. In addition, the generation of PV for all scenarios is 364 TWh (38% of total) and 1305 TWh (78%) by 2030 and 2040, respectively. The high share of PV can be explained by the fact that PV will be the least cost RE technology in most parts of the SSA by 2030 and 2040. Also, the decreasing cost of battery storage pushes this trend. By 2040, the development becomes evident in terms of installed power capacity and electricity generation. For all scenarios considered, battery storage output reached 77 TWh and 499 TWh by 2030 and 2040, respectively. Reliance on battery storage, especially during evening and night hours, results from the use of PV. This trend is intensified from 2030 to 2040.



The total installed wind capacity has the second highest share of all power technologies in all scenarios considered. The highest capacity of wind for all the scenarios examined is 133 GW and 60 GW in 2030 and 2040, respectively. The role of wind energy is limited in SSA due to declining PV CAPEX. PV prosumers contribute with 11% in 2030 and 20% in 2040 of the total electricity generation in SSA. PV prosumers constitute 61.1 GW and 198.3 GW in 2030 and 2040, respectively, for all scenarios. In all scenarios the prosumer battery storage capacity is 72.2 GWh and 432.3 GWh by 2030 and 2040, respectively. A recent global report revealed an increase in new capacity installation of RE, from 127.5 GW in 2015 to 138.5 GW in 2016, excluding large hydro dams, which represents a 15 GW increase [98]. In the same report, solar PV and wind installations increased by 75 GW and 56 GW, respectively, more than any other technology in the same period of time [98]. Regarding land requirement, the specific capacity density derived in the LUT model is 75 MW/km2 for optimally tilted PV and 8.4 MW/km2 for onshore wind [39]. Hence, an area of 1501 and 5787 km2 is needed for solar PV in 2030 and 2040 respectively, representing 0.006% and 0.02% of SSA land area. Similarly, the wind capacities require an area of 15,905 and 7202 km2 in 2030 and 2040 respectively, representing 0.06% and 0.03% of total area of SSA. The area requirement is very small and wind energy can be even integrated in arable land.



On the other hand, the inaccurate prevalent perception is that mega dams can provide the least cost electricity to meet the energy deficits in developing countries [5,12]. Moreover, hydropower projects often do not account for social and environmental costs. Large hydropower projects are expensive: the Grand Inga project is costly, and the cost analysis of the project, carried out 10 years ago, led to estimated cost of 80 bUSD [51].Very large-scale hydropower projects are becoming more risky due to substantial cost overruns, length of construction and uncertain climate change impacts [5]. Recent studies have analysed investment risks and cost overruns among electricity generation technologies and revealed the high risks for large hydro dams, at the level of nuclear power stations. This is in contrast to a very low risk for solar and wind energy projects [10,27,28]. Hydroelectric projects exhibit an average overrun cost of 70%, and one plausible explanation for the huge costs overruns of hydro projects is the high material intensity compared to other energy sources [27]. A more recent study reported overwhelming evidence that the actual costs of large hydropower dams were on average 96% higher than initially estimated [10]. Likewise, the World Bank has noted significant cost overrun tendencies in some of their assessments of large hydropower projects [24]. In this work, categories of scenarios based on announced and expected costs were defined. Simulations have been carried out for cost escalations from 0% to 100% in 5% steps for the Grand Inga project in 2030 and 2040. An inflection point slightly over 35% was found for 2030 assumptions, i.e., the relative percent increase in LCOE was zero for the entire SSA region, meaning that a cost escalation beyond 35% for the Grand Inga project makes it economically non-beneficial. Moreover, by 2040, the inflection point dropped to below zero, with reference at −5%, i.e., by 2040, which means that even at the announced cost the Grand Inga project has a negative economic effect for the SSA region. In 2040, the result of this research reveals that solar PV dominates in terms of installed capacities, due to its fast development and continuous cost decline. The predominant role of solar PV and battery storage, due to highly favourable economics, was observed in this work. SSA can mainly be powered by solar PV and complemented by wind energy. In addition, a recent study on multi-criteria assessment for Africa demonstrates a large potential for utility-scale solar and wind energy developments [100]. Furthermore, in fully RE based power systems the inertia will become low, since the rotating mass of the connected synchronous machine is reduced. In this study, the minimum and maximum ROCOF values for all the scenarios was estimated. It was observed that relying on synchronous generation’s inertia will most likely result in unstable power network. Thus, utilization of synthetic inertia source from PV systems, wind turbines and in particular battery storage becomes essential in this analysis.



Regarding LCOE, a decline occurred in LCOE in 2040 when compared to 2030 in all the scenarios examined; for instance, the overall average LCOE decreased from 54.5 €/MWh in 2030 to 42.0 €/MWh in 2040, in the case of Grand Inga +50% cost scenario as shown in Supplementary Material Figure S6 (top left and bottom left), respectively. The plausible reason for the reduction in LCOE can be attributed to the reduction in cost of RE technology, in particular solar PV and batteries, which dominate the power system.



In addition, very large-scale hydropower projects fail to realise social benefits of meeting current unserved energy needs due to their long times of construction [5,7]. Hence, solar and wind generation are capable of addressing severe energy shortage in SSA due their fast deployment and short project periods, both on-grid and off-grid [5]. Moreover, studies modelling an optimal mix of RE revealed the possibility of meeting future energy demand through operating the existing hydropower plants, and new added wind and solar capacities [40,101]. Furthermore, from an energy security point of view, it is risky for SSA to depend on a single project or technology, as power disruption is rather likely for the countries importing electricity from such a source.



The development of the Grand Inga project has only been justified as part of a regional energy master plan, for which a single country such as DRC cannot justify the need [7]. The Inga 1 and Inga 2 hydropower plants, which have caused half of the current external debt of DRC, have not functioned in their full capacity since their commissioning due to lack of maintenance [53]. Why should a project of this dimensions be built in a nearly failed state? However, external forces from developers and South Africa are the major drivers for the development of the Grand Inga hydropower project [7]. In 2008, South Africa experienced a severe energy shortage, which led to a call for major infrastructure development. Consequently, the South African government were prompted to consider new energy projects and partners. By 2011, a partnership agreement was established between South Africa and the DRC concerning the development of Inga 3 [50]. The capacity of Inga 3 is estimated to be 4.8 GW when (and if) completed, of which 2.5 GW would be dedicated to South Africa, 1.3 GW to the mining industries in the Katanga valley and the remaining 1 GW to the Congolese state utility [5]. Between 2011 and 2014, a cooperative framework for the entire project was established. Also, a memorandum of understanding and bilateral treaty was signed by both governments and approved by their respective legislatures. The document specifies that the national utilities of both countries would primarily facilitate the funding, construction and management of Grand Inga [50]. The Republic of South Africa has shown strong interest for energy that could be produced at the Inga site [59]. In order to meet its growing electricity demand and in particular for the mining industry, one of the major contributors to the South African economy, Eskom (the South Africa national utility), sees hydropower from Inga as a means to secure uninterrupted power supply for South Africa [7,59].



Beyond the substantial financial risk associated with large dams, the environmental consequences of hydroelectric dam development, which include long-term ripple effects on biodiversity and ecosystems, are rarely considered, often underestimated or largely ignored during dam planning [13,102]. Further damming of the Congo River would affect the local environment, regional ecosystem and the global climate [46,47,48]. The ‘Congo Plume’, which represents the largest carbon sink in the world, can be disrupted by additional dams, hence contributing to climate change [48]. The Congo River has vast biodiversity, and has the second highest diversity of fish species [103,104], over 450 being endemic species. The rare species of fish, plants and animals mentioned in Section 3 are at risk of being affected, or in an extreme case might be in danger of extinction [56,98]. The overall effect of GI would be severe, changing the downstream river ecology. Furthermore, flooding of the Bundi Valley to create a reservoir can lead to huge methane emissions and disease outbreaks. The unique ecological features of the Congo River basin, would be unavoidably affected, by building more dams on the river [105,106].



Regarding GHG emissions, recent investigations reveal that large dams emit GHGs, particularly in the tropic regions [63,64,107,108,109,110,111,112,113]. Reservoirs in tropic regions can produce up to 20 times the amount of GHGs in comparison to reservoirs in boreal regions, because of the high rate of biodegradation [111]. Lifecycle GHG emissions from reservoirs are estimated to be in the range of 0.5–152 g CO2eq/kWh in boreal regions, while tropical reservoirs can produce up to 1300–3000 g CO2eq/kWh [111]. Degassing CO2 emissions from turbines and spillways account for 0–16%, and downstream emissions account for 1.6–32% of total CO2 emissions. There are four types of GHG emissions from water reservoirs, which are degassing emissions at turbines and spillways, diffuse emissions, ebullitive emissions and downstream emissions. Ebullitive emissions represent the dominant source of methane emissions from the surface of tropical reservoirs [112]. The first global assessment on GHG emissions from reservoirs emphasised the possible significance of reservoir surfaces as a GHG source, and proposed that factors such as age, water temperature and organic input could regulate fluxes. A recent study highlights the dominant role of methane in total reservoir carbon emissions, and highlights the importance of including ebullitive methane emission in modelling efforts [113]. Therefore, the reservoir required for GI would further generate CH4 emissions, resulting in substantial GHG emissions.



Further research will have to be conducted on the GI project with an energy transition model from 2015 to 2050. In this research the development phases of the GI project from Inga 3 to 8 will have to be considered in the transition model, with respect to proposed years of completion of each phase of the project. The development phases of the GI, maximum installed capacities and assumed years of commissioning are as follows: Inga 3 high-head (2025) 3037 MW, Inga 4 (2030) 7182 MW, Inga 5 (2035) 6970 MW, Inga 6 (2040) 6684 MW, Inga 7 (2045) 6706 MW and Inga 8 (2050) 6747 MW. In addition, it would be of high interest to analyse the benefits for South Africa, if any, in particular since South Africa has access to excellent domestic solar and wind resources, which can also represent respective low cost.




9. Conclusions


RE technologies, like solar PV and wind energy, have the potential to meet the energy demand sustainably and are also becoming increasingly cost-effective in SSA. In addition, this study confirms that hydropower as well as power generated from waste and biomass should serve only as gap-filling resources for an effective and stable power system in SSA. Hence, new investments in low cost solar PV and wind energy should be considered in SSA. The intermittency of RE can be circumvented with the integration of storage technologies, in particular battery storage, to store electricity during daytime that can be used at periods of highest demands and night hours. The integration of solar PV and battery storage was found to be cost effective. The LCOE obtained at the inflection point (near +35% of the announced cost for 2030 and −5% of the announced cost for 2040), the point at which the relative difference LCOE is zero for the entire region, is 54.4 €/MWh in 2030 and 41.7 €/MWh in 2040, while the LCOE obtained for 100% GI cost overrun in the DRC region is 68.4 €/MWh in 2030 and 60.4 €/MWh in 2040. These are 79.5% and 69%% higher than the reference averages, respectively. The presented detailed cost analysis for SSA clearly reveals that it is highly unlikely that future Inga hydropower capacity expansions can compete with solar PV and wind energy, in particular taking into account not just the planned, but the expected investment cost. The Grand Inga project and several other hydropower projects have been proposed with little or no regard to whether they are the best option to meet the not yet electrified population of SSA. Large scale projects, like GI, are not the kind of investment required (nor intended) to electrify the unserved 600 million SSA inhabitants. This is in contrast to small scale and distributed solar PV solutions and continuous grid extensions. Energy planners for SSA should clearly strike a balance between energy needs for industrial purpose and human development. Cross-border energy supply in SSA should incorporate diverse energy resources across the region, and not on a single point project (like GI), to ensure secure energy supply. Beyond the financial risk that can be incurred from building the GI dam, severe environment disruptions would be caused from diverting river flow to create the required reservoir. This would cause further GHG emissions (particularly methane). Furthermore, river ecosystem alteration and loss of endemic species are inevitable by further damming of the Congo River.



The results demonstrate the potential for large scale deployment of RE technologies in the SSA region. Which expresses the need for cross-border cooperation and transmission infrastructure to enhance shifting of energy from one point in time to another, enabling large scale of generation and demand balancing between the different sub-regions. A 100% RE-based system is reachable and a real policy option in SSA. Policy action that will restrict new investments in fossil power plants and facilitate RE development in long-term perspective is exigent. This study shows the important role of solar PV and wind energy in a least-cost electricity supply for SSA. Thus, energy policies in the region should place solar PV and wind energy more at its core. In addition, the current emphasis on large-scale hydropower projects in some regions of SSA should be revised, whether the same electrification targets could be achieved faster, for a substantial lower risk of time and budget overruns, less environmental impact and finally even lower total cost, if more solar PV and wind energy would be part of the energy planning.



The limitations of the research are, first, the constraints of the model. The model excludes other energy sectors than the investigated power sector, such as transportation, heating, non-energetic industrial demand and water desalination. These additional sectors would affect the distribution of installations, however it is unlikely to significantly change the outcome. Also, the model operates within the constraints of the assumptions and estimations used for the calculations, while the projections of the future may develop both in different ways and even in different directions.
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Figure 1. Total installed capacities by the end of 2014 in SSA [33]. 






Figure 1. Total installed capacities by the end of 2014 in SSA [33].



[image: Energies 11 00972 g001]







[image: Energies 11 00972 g002 550] 





Figure 2. Congo River and all Inga plans (existing and planned phases of Inga dams) [54]. 
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Figure 3. Main inputs and outputs of the LUT Energy System model [39]. 
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Figure 4. Block diagram of the energy system model for SSA. 
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Figure 5. Sub-Saharan African sub-regions and HVDC transmission lines configuration. 






Figure 5. Sub-Saharan African sub-regions and HVDC transmission lines configuration.



[image: Energies 11 00972 g005]







[image: Energies 11 00972 g006 550] 





Figure 6. Total annual cost in [b€] for GI 2030 Scenario. 
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Figure 7. Total annual cost in [b€] for GI 2040 Scenario. 
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Figure 8. Scenario I3 announced cost in absolute total LCOE (left) and relative difference to the reference scenario (right) for the years 2030 (top) and 2040 (bottom). 
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Figure 9. Scenario I3 Expected cost in absolute total LCOE (left) and relative difference to the reference scenario (right) for the years 2030 (top) and 2040 (bottom). 
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Figure 10. Hourly ROCOF values for ‘I3 Announced cost’ scenario 2040 for different generation technologies inertia contribution is considered. Highest ROCOF values are obtained when only synchronous inertia is utilised. Then by adding first synthetic inertia from wind then from solar PV and finally from battery the ROCOF value can be reduced to suitable levels. 
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Table 1. Financial results for the scenarios applied in SSA by 2030. Abbreviations: Inga 3 (I3) and Grand Inga (GI).
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2030




	
Scenario

	
Total LCOE (€/MWh)

	
LCOE Primary (€/MWh)

	
LCOC (€/MWh)

	
LCOS (€/MWh)

	
LCOT (€/MWh)

	
Total Ann. Cost (b€)

	
∆ in Cost (%)

	
Total CAPEX (b€)

	
RE Capacities (GW)

	
Generated Electricity (TWh)






	
Reference

	
54.36

	
36.36

	
1.67

	
14.76

	
1.56

	
47.09

	
-

	
414.35

	
377.89

	
957.75




	
I3 announced cost

	
54.13

	
36.22

	
1.68

	
14.66

	
1.58

	
46.90

	
−0.4%

	
412.28

	
374.77

	
959.71




	
I3 expected cost

	
54.44

	
36.53

	
1.68

	
14.65

	
1.58

	
47.16

	
0.1%

	
416.09

	
374.74

	
959.86




	
GI 0%

	
53.95

	
35.79

	
1.77

	
14.37

	
2.02

	
46.68

	
−0.9%

	
411.80

	
371.90

	
970.27




	
GI 35%

	
54.36

	
36.24

	
1.78

	
14.41

	
1.93

	
47.04

	
0%

	
416.14

	
372.62

	
969.89




	
GI 50%

	
54.54

	
36.4

	
1.78

	
14.41

	
1.93

	
47.19

	
0.2%

	
417.96

	
372.46

	
969.27




	
GI 100%

	
55.46

	
37.16

	
1.82

	
14.54

	
1.96

	
48.01

	
2.0%

	
426.43

	
372.16

	
962.03
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Table 2. Financial results for the scenarios applied in SSA by 2040. Abbreviations: Inga 3 (I3) and Grand Inga (GI).
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2040




	
Scenario

	
Total LCOE (€/MWh)

	
LCOE Primary (€/MWh)

	
LCOC (€/MWh)

	
LCOS (€/MWh)

	
LCOT (€/MWh)

	
Total Ann. Cost (b€)

	
∆ in Cost (%)

	
Total CAPEX (b€)

	
RE Capacities (GW)

	
Generated Electricity (TWh)






	
Reference

	
41.72

	
24.07

	
1.42

	
15.73

	
0.50

	
62.89

	
-

	
625.28

	
745.21

	
1662.38




	
I3 Announced cost

	
41.67

	
24.14

	
1.42

	
15.61

	
0.50

	
62.82

	
−0.1%

	
624.20

	
742.23

	
1663.51




	
I3 Expected cost

	
41.85

	
24.31

	
1.42

	
15.61

	
0.50

	
63.08

	
0.3%

	
627.81

	
742.22

	
1663.49




	
GI 0%

	
41.74

	
24.58

	
1.42

	
15.13

	
0.60

	
62.90

	
0.02%

	
624.91

	
730.93

	
1666.36




	
GI −5%

	
41.72

	
24.57

	
1.41

	
15.14

	
0.60

	
62.87

	
−0.03%

	
624.45

	
731.40

	
1667.70




	
GI 50%

	
42.02

	
24.83

	
1.43

	
15.14

	
0.61

	
63.31

	
+0.7%

	
630.40

	
730.86

	
1665.96




	
GI 100%

	
42.29

	
25.09

	
1.44

	
15.15

	
0.61

	
63.72

	
+1.3%

	
635.92

	
731.36

	
1667.53
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Table 3. Overview on installed capacities of generation and storage technologies for each scenario.
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2030

	
2040




	
Technology

	
Unit

	
Reference Scenario

	
I3 Announced Cost

	
GI 0%

	
GI 100%

	
Reference Scenario

	
I3 Announced Cost

	
GI 0%

	
GI 100%






	
PV prosumer

	
(GW)

	
61.3

	
61.3

	
61.3

	
61.3

	
198.3

	
198.3

	
198.3

	
198.3




	
PV optimally tilted

	
(GW)

	
1.4

	
1.4

	
1.4

	
1.4

	
1.4

	
1.4

	
1.4

	
1.4




	
PV single-axis tracking

	
(GW)

	
112.6

	
112.0

	
113.0

	
110.2

	
434.0

	
430.9

	
416.9

	
417.3




	
PV total

	
(GW)

	
175.3

	
174.7

	
175.7

	
173.0

	
633.7

	
630.6

	
616.5

	
616.9




	
CSP

	
(GW)

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Wind energy

	
(GW)

	
133.6

	
133.2

	
130.1

	
130.1

	
60.5

	
60.1

	
60.3

	
60.4




	
Biogas power plant

	
(GW)

	
19.2

	
16.3

	
13.2

	
16.3

	
4.9

	
4.8

	
4.8

	
4.8




	
Biomass power plant

	
(GW)

	
2.7

	
2.6

	
1.0

	
1.8

	
0.0

	
0.0

	
0.0

	
0.0




	
MSW incinerator

	
(GW)

	
1.7

	
1.7

	
1.7

	
1.7

	
1.9

	
1.9

	
1.9

	
1.9




	
Geothermal energy

	
(GW)

	
4.9

	
4.6

	
3.3

	
3.7

	
3.0

	
3.0

	
3.0

	
3.0




	
Hydro Run-of-River

	
(GW)

	
5.2

	
6.3

	
11.1

	
11.1

	
5.2

	
6.3

	
11.1

	
11.1




	
Hydro dams

	
(GW)

	
20.4

	
20.5

	
22.0

	
20.9

	
20.3

	
20.4

	
20.1

	
20.2




	
Battery prosumer

	
(GWh)

	
72.2

	
72.2

	
72.2

	
72.2

	
432.3

	
432.3

	
432.3

	
1432.3




	
Battery total

	
(GWh)

	
242.6

	
239.7

	
231.1

	
237.1

	
1599.1

	
1587.4

	
1539.4

	
1538.8




	
PHS

	
(GWh)

	
3.16

	
3.2

	
3.2

	
3.2

	
1.6

	
1.6

	
1.6

	
1.6




	
A-CAES

	
(GWh)

	
426.2

	
418.4

	
405.4

	
416.3

	
0.11

	
0.2

	
1.5

	
1.6




	
Gas storage

	
(GWh)

	
18,361.6

	
18,476.7

	
18,601.6

	
18,732.0

	
29,330.2

	
29,189.8

	
28,194.3

	
28,162.6




	
PtG electrolysers

	
(GWel)

	
6.2

	
6.2

	
6.0

	
6.2

	
6.9

	
6.8

	
6.3

	
6.3




	
CCGT

	
(GW)

	
13.1

	
13.1

	
12.6

	
13.2

	
12.4

	
12.4

	
11.3

	
11.2




	
OCGT

	
(GW)

	
9.8

	
9.7

	
7.9

	
9.5

	
13.5

	
12.6

	
10.9

	
10.8











[image: Table] 





Table 4. Synthetic inertia analysis and Rate-of-Change-of-Frequency (Hz/s) in Sub-Saharan Africa power system with different scenarios. Possible inertia of HVDC power lines, PtG units and demand response is not calculated, but would further improve the energy system stability in reality.
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2030

	
2040




	
Contributing Generation

	

	
Reference Scenario

	
I3 Announced Cost

	
GI 0%

	
GI 100%

	
Reference Scenario

	
I3 Announced Cost

	
GI 0%

	
GI 100%






	
Only synchronous units

	
Max

	
4.71

	
4.50

	
3.69

	
3.77

	
12.97

	
12.34

	
10.41

	
10.35




	
Min

	
0.69

	
0.67

	
0.58

	
0.59

	
0.45

	
0.44

	
0.42

	
0.42




	
+Wind inertia

	
Max

	
3.10

	
3.00

	
2.62

	
2.65

	
10.97

	
10.52

	
9.04

	
9.00




	
Min

	
0.55

	
0.54

	
0.49

	
0.49

	
0.40

	
0.40

	
0.38

	
0.38




	
+PV inertia

	
Max

	
2.76

	
2.68

	
2.37

	
2.40

	
7.19

	
7.00

	
6.32

	
6.30




	
Min

	
0.55

	
0.54

	
0.49

	
0.49

	
0.40

	
0.40

	
0.38

	
0.38




	
+Battery inertia

	
Max

	
0.20

	
0.20

	
0.21

	
0.21

	
0.16

	
0.16

	
0.17

	
0.17




	
Min

	
0.03

	
0.04

	
0.04

	
0.04

	
0.01

	
0.01

	
0.01

	
0.01




	
+HVDC inertia

	
Max

	

	

	

	

	

	

	

	




	
Min

	

	

	

	

	

	

	

	




	
+PtG inertia

	
Max

	

	

	

	

	

	

	

	




	
Min

	

	

	

	

	

	

	

	




	
+Demand response

	
Max

	

	

	

	

	

	

	

	




	
Min
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