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Abstract

:

In recent years, most countries in the Middle East and North Africa (MENA), including Jordan, Morocco and Tunisia, have rolled out national policies with the goal of decarbonising their economies. Energy policy goals in these countries have been characterised by expanding the deployment of renewable energy technologies in the electricity mix in the medium term (i.e., until 2030). This tacitly signals a transformation of socio-technical systems by 2030 and beyond. Nevertheless, how these policy objectives actually translate into future scenarios that can also take into account a long-term perspective up to 2050 and correspond to local preferences remains largely understudied. This paper aims to fill this gap by identifying the most widely preferred long-term electricity scenarios for Jordan, Morocco and Tunisia. During a series of two-day workshops (one in each country), the research team, along with local stakeholders, adopted a participatory approach to develop multiple 2050 electricity scenarios, which enabled electricity pathways to be modelled using Renewable Energy Pathway Simulation System GIS (renpassG!S). We subsequently used the Analytical Hierarchy Process (AHP) within a Multi-Criteria Analysis (MCA) to capture local preferences. The empirical findings show that local stakeholders in all three countries preferred electricity scenarios mainly or even exclusively based on renewables. The findings demonstrate a clear preference for renewable energies and show that useful insights can be generated using participatory approaches to energy planning.
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1. Introduction


Countries of the Middle East and North Africa are at an energy crossroads. Governments in these countries will soon need to address the continued increase in energy demand for the next few decades. Energy consumption in the region is projected to almost double by 2040 [1]. This increase in demand is largely due to expected population growth well into 2050 and beyond [2]. At the same time, countries in this region also face the challenge of addressing their high vulnerability to climate change, which has a strong social dimension [3]. In the medium term (i.e., until 2030), the power sector is set to undergo the most important change in the countries’ energy plans. In Morocco, awareness of this was reflected in the National Energy Strategy of 2009 and the updated version of 2015, which included the Moroccan Solar Plan (Noor). Under these plans, renewables-based installed capacity in the electricity sector is set to increase from 34% in 2015 to 52% by 2030 (20% wind, 20% solar, 12% hydro) [4]. Tunisia also put out a Solar Plan, in 2009, as well as an updated version in 2012; this was followed by the Tunisian Renewable Energy Action Plan 2030. Under these plans, renewables as part of the installed capacity for electricity generation are set to increase from 2% to 30% by 2030 (15% wind, 10% Photovoltaic (PV) and 5% Concentrating Solar Power (CSP)) [5]. Jordan has also established the National Master Strategy of the Energy Sector (2007–2020) as well as the National Strategy for the Development of Renewable Resources. Under these plans, 10% of electricity generation is to be based on renewable energy technologies (solar and wind) by 2020, increasing to 20% by 2025 [6,7]. The national plans in these three countries mean that the choices made today regarding the technologies that constitute the electricity mix will reverberate for decades.



The policies in these three countries signal a transformation of energy systems and tacitly a transformation of the interaction between society and these systems. Energy planning is an intricate exercise of balancing between different priorities and effects on different segments of society. As such, the different societal segments are local stakeholders in the energy planning exercise. Short to medium-term energy policies set the stage for long-term energy scenarios. To ensure that energy planning for future electricity systems corresponds to the needs and priorities of the different local stakeholders, it is important to capture societal preferences in a systematic manner.



Electricity infrastructures are technical systems that need to go in tandem with the societal systems of the populations they serve. Decisions about electricity infrastructures are made even more complex, given the technical challenge of matching electricity demand and supply at any point in time. There has been a growing appreciation of the necessity to better understand the relationship between sources of energy and societies, particularly in the MENA region [8]. Under the concept of “Energy Humanities”, such scholarship has gained ground in recent years, allowing for humanities and social sciences to investigate energy challenges against the background of anthropogenic climate change, thereby complementing natural sciences (which have long been dominant in energy scholarship) [9]. Within this academic trend, one particular strand of research has focused on transitions and has been generating a growing body of academic literature under the umbrella of Sustainability Transitions (ST). ST as a field of research has three main perspectives: socio-technical, socio-institutional and socio-ecological, which nevertheless share an understanding that transitions result from the interaction of dominant regimes with changing external landscape factors as well as emerging innovations [10]. The frameworks under ST [11,12,13,14,15] are designed to better understand the dynamics of what triggers a potential system reconfiguration and how such shifts may be hindered or facilitated.



This paper locates its contribution within the socio-technical perspective of the steadily growing ST literature. Nevertheless, in spite of the emergence of this field, especially in the last decade [16], its expansion into covering transitions in the Global South has been far less advanced and more recently been subject to several research caveats. These caveats have given impetus to exploring new research frontiers [17] with major relevance in the context of developing countries. However, the MENA region itself has barely been studied thus far.



Local stakeholder preferences of future electricity scenarios in particular are still understudied for this region. While renewables are “normatively” regarded as the cornerstone of decarbonisation, the degree to which reliance on renewables in future electricity systems is seen as desirable by local stakeholders is unclear. In light of this, the article attempts to answer the following research questions: what long-term electricity scenarios for the year 2050 do local stakeholders in Morocco, Jordan and Tunisia actually prefer? And what criteria are seen as most important in such scenarios? Various scholars have previously conducted studies using the core methods of this article, electricity scenario modelling and MCA. We can distinguish between two particular categories of these studies: MCA, with a view to energy (technologies) in different countries or regions or with a different time frame than the ones proposed here (1) and electricity scenarios for countries in the MENA region but without MCA (2):




	
Indeed, Brand and Missaoui [18] developed five electricity scenarios combined with a stakeholder-based MCA in Tunisia, that is, applying the same methodology as the one undertaken here. However, their study was conducted against a horizon of 2030 instead of 2050. Several studies apply MCA methodologies for different countries but focus solely on energy production technologies, instead of electricity mix scenarios: Shaaban et al. [19] have studied Egypt, Bohanec et al. [20] Slovenia, Štreimikiene et al. [21] Lithuania and Promentilla et al. [22] the Philippines, for example. Other studies have developed scenarios displaying different electricity mixes in combination with MCA but not for the countries/region in question: Klein and Whalley [23] studied the USA, Santos et al. [24] Portugal, Strantzali et al. [25] a Greek island, Mirjat et al. [26] Pakistan, Santos et al. [27] Brazil and Atilgan and Azapagic [28] Turkey, for instance.



	
Alhamwi et al. [29] sought to quantify an optimal mix of renewable power generation in Morocco, using a mismatch energy modelling approach with the aim of minimising the need for storage capacities. Damerau et al. [30] considered three alternative pathways, looking at energy efficiency, carbon intensity and energy exports from the MENA region and studied them with a focus on water demand. However, neither study involved local stakeholders in the development of distinct electricity scenarios against a certain time horizon and did not proceed to rank them based on stakeholders’ preferences with regard to different criteria. Rather, their studies evaluated the pathways against one single criterion respectively: the minimisation of storage capacities or of water use.








Based on the analysis of existing literature, we locate the novelty of our approach in the combination of selected theoretical approaches—which have so far mainly been deployed separately—within a new temporal and spatial scope. This approach contributes to an increasingly integrated research of both technical feasibility and social priorities, as a basis to develop robust transformation pathways. This article thus addresses the knowledge gap pertaining to participatory scenario development and MCA in Jordan, Morocco and Tunisia in the policy horizon of 2050 by looking more specifically at the extent to which local stakeholders in these three countries support the deployment of different electricity generating technologies and scenarios in the future, up to the year 2050.



This approach relies heavily on local stakeholders’ participation as a central component of the empirical investigation. The research adopts an understanding of energy transition as a socio-technical undertaking, the course of which would benefit from insights generated by empirical and participatory methods involving a broad spectrum of local stakeholder representatives. This required to develop a multidisciplinary approach that devised methodologies that merged natural science (mainly engineering) methods of electricity modelling with social science methodologies for achieving complementarity.



To answer the research questions, the article starts by presenting the scenario development and modelling method and proceeds by describing how stakeholder preferences were captured using MCA (Section 2). It moves on to presenting the results of the selected scenarios and their rankings in Section 3, which also highlights the top-ranked scenarios per country, provides a roadmap to achieve them and compares the results of all three countries. The discussion subsequently focuses on major findings and challenges (Section 4), culminating in a number of conclusions (Section 4.5).




2. Methods and Data


During workshops held in 2016 and 2017 on-site in the countries under review [31,32,33], about 25 participants per country developed, discussed and evaluated various scenarios of their respective country’s future power supply in 2050. To do so, an energy simulation model and an MCA were applied.



Discovering preferences of local stakeholders regarding electricity scenarios in 2050 was conceived as the exercise of the participatory building of visions and scenarios. To include different interests and perspectives, the group of stakeholders involved had to be decidedly heterogeneous, which could be ensured by involving local scientific partners in the workshop organisation. Stakeholders included representatives from academia, policymakers and private sector actors, as well as civil society representatives and Non-Governmental Organisations (NGOs). The participating organisations are listed in References [31,32,33].



2.1. Scenario Development and Modelling


The workshop participants developed scenarios of their respective country’s future power supply with the help of a stripped-down version of renpassG!S, an open-source energy system simulation software [34,35,36,37,38]. The full model’s main functionalities were included in this spreadsheet version. However, the utilisation order of dispatchable generation was pre-defined and its application allowed straightforward scenario inputs and an on-the-fly display of results.



During the development of the scenarios, all workshop participants were invited to state their expert judgment, their assessment about potential future developments and the view of the institutions they represented about their country’s future power system. All inputs to the model were adjustable during the exercise; however, the main focus was set on adjusting the installed capacity in 2050. The workshops’ intended aim was to develop technically feasible scenarios, not prognoses [39] (p. 59).



In order to reduce complexity and for methodological reasons [40] (p. 89), the countries’ future power systems were conceptualised as isolated systems without transmission links abroad. In the model, each country was split into four regions. Every region was represented by an hourly-resolved load curve and hourly-resolved meteorological data (based on References [41,42,43]), relevant for the modelling of the power generation from wind power, solar PV and CSP. Fluctuating, non-dispatchable renewable energy technologies (wind power, solar PV) were assumed to operate any time the natural resource would be available due to their marginal cost close to zero [39] (p. 245). The residual load was calculated according to the (lack of) production of fluctuating renewables on an hourly basis. It would have to be covered by dispatchable and partly-dispatchable generation technologies (e.g., CSP) and the utilisation of storage options. A scenario was considered to be functional once it was possible to cover the load for every hour of the target year. To calculate potential additionally required transfer capacity, the model compared the residual load in the regions of a country and the existing transmission grid infrastructure between the regions.



A major outcome from the model was the production of every technology in the system as defined by the workshop participants according to their personal assessment, experience and expectations, simulated in an hourly resolution for the year of analysis. Regional values were aggregated to national totals, which again were automatically translated into direct CO2 emissions of all energy sources and of the entire system. Additionally, the installed capacity as well as the annual production were utilised for the calculation of annuitised investment costs and operational costs. The levelised cost of electricity (LCOE) was calculated for the electricity produced. In order to take different stakeholder views and assessments into account, it was useful and indeed necessary to develop several scenarios under different storylines for the target year, focusing for example on low CO2 emissions, use of domestic resources or high shares of renewables. This meant deriving corresponding development trajectories until 2050 for the selected scenarios that described potential system settings. All system configurations, which were passed on to the subsequent multi-criteria analysis, allowed to balance load and demand for every hour of the target year. This assured their basic technical feasibility.




2.2. Identifying Stakeholder Preferences Using Multi-Criteria Analysis


An MCA is a useful method for systematically identifying and examining the preferences of stakeholders for various alternatives. In this case, the alternatives were the scenarios that had been defined previously (see Section 2.1). The MCA was applied to consider the importance assigned by national and local stakeholders to a range of social, techno-economic and ecological implications. As a result, this process allowed the identification of those development pathways that would be expected to receive broad support from the stakeholders involved. An MCA consists of the following essential steps: Before starting the assessment, the alternatives which are to be scrutinised must be defined or identified (see Section 2.1). Then, it is necessary to define criteria (see Section 2.2.1) that are appropriate for examining the differences between the alternatives. Afterwards, these criteria are weighted according to the stakeholders’ preferences (see Section 2.2.3). For each alternative and each criterion, the proper respective indicators have to be derived (see Section 2.2.2). Finally, the weighted criteria are applied to the alternatives in order to develop a ranking of alternatives (see Section 2.2.4).



There is a multitude of different methods that can be used in an MCA [44] and many of them have been applied in the context of sustainable energy [45]. Some of those methods apply to the weighting process (e.g., the Simos Method or the AHP), some to the ranking of alternatives (e.g., the Weighted Sum Model (WSM) or “outranking-relations” methods such as the Preference Ranking Organization Method for Enrichment of Evaluations (PROMETHEE)), some can be used for both steps (e.g., the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS)). This study applied the AHP for the weighting; for the ranking, both the WSM and TOPSIS ranking methods were used. The utilisation of both ranking methods allowed us to analyse the robustness of the results.



2.2.1. Criteria definition


Based on [45], the criteria need to cover all relevant aspects of the question under examination, allow representative indicators for each criterion, avoid redundancies (and thereby distorted results) and allow for clear and unambiguous categorisation. Therefore, the next step was to define criteria that would assess stakeholder preferences about the question “What are the most preferable long-term electricity scenarios for the year 2050 among the local population?” (see Table 1).



Each criterion is clearly defined to allow for a well-founded discussion in the weighting process. The following definitions apply:




	
Techno-economic criteria: These criteria analyse the technical and economic characteristics of the electricity system. They take electricity production costs, dependency on energy imports and production volatility into consideration.




	-

	
System costs: The costs of the electricity system include production, grid extension and storage costs.




	-

	
System flexibility: The electricity system’s capacity to react rapidly and flexibly to changes in electricity demand.




	-

	
Energy independence: Future capacity of the scenarios to make use of local resources in order to reduce energy dependency.









	
Environmental criteria: These criteria analyse the environmental characteristics of the electricity system. They take water consumption, land use, CO2 emissions and management of hazardous waste into consideration.




	-

	
CO2 emissions: Direct CO2 emissions of all power plants during the observation period.




	-

	
Land use: Soil occupation caused by the operation of all power plants (on-site).




	-

	
Water consumption: Direct freshwater consumption during the operation of all power plants (cooling, steam cycle, cleaning).




	-

	
Hazardous waste: Quantity and quality of hazardous waste produced by all power plants, including radioactive waste.









	
Societal criteria: These criteria analyse the socio-economic characteristics of the electricity system. They take the system’s effects on public health, the risk of serious incidents and the support of the local economy into consideration.




	-

	
Contribution to local economy: The scenarios’ capacity to integrate the local economy into the electricity system.




	∗

	
On-site job creation: The scenarios’ capacity to create on-site jobs during the construction and operation of power plants.




	∗

	
Domestic value chain integration: The scenarios’ capacity to encourage the emergence and/or development of national industries and of indirect jobs during the entire life cycle of power plants.










	-

	
Safety: The number of fatalities as a result of serious accidents during the operation and maintenance of power plants.




	-

	
Air pollution (health): Air quality deterioration resulting from atmospheric pollutants that can bring about health risks.















2.2.2. Evaluation of Scenarios With Regard to the Criteria


Each alternative, that is, each scenario, needed to be evaluated with regard to the previously defined criteria. Each criterion was represented by one indicator for each scenario. The techno-economic criterion of “system costs” was represented by the indicator of “levelised costs of electricity”, which directly resulted from the scenario modelling. So did the indicator “CO2 emissions”. The indicator for the criterion of “system flexibility” was calculated from the shares of intermittent, partly dispatchable and dispatchable energy generation in the scenarios with a ratio of one (intermittent) to two (partly dispatchable) to three (dispatchable).



The other eight criteria were based on surveys from [46]. Numerous indicators for the different energy technologies were collected in stakeholder workshops in the three countries. The criteria of “land use” (hectares per megawatt), “water consumption” (litres per megawatt hour), “safety” (fatalities per megawatt hour) and “air pollution” (kilograms per megawatt hour) had quantitative indicators. For these, the indicator values were scaled up and then totalled according to the installed capacities and the energy generation of the respective energy technologies in the scenarios. For the remaining criteria of “energy independence” (represented by the “possible share of domestic resources”), “hazardous waste”, “on-site job creation” and “domestic value chain integration”, semi-quantitative indicators on a scale from one to five were derived for each energy technology in each country. To obtain an indicator value for the scenarios, the indicator values of the energy technologies were scaled according to the corresponding generation quantities or the installed capacities and then normalised by dividing by either the total generation or the sum of the installed capacities in the scenario, respectively.




2.2.3. The Weighting Process


We employed the AHP as the weighting process, since it leads to a structured evaluation of all criteria, promoting awareness of the participants’ own priorities and thus providing a basis for a well-founded discussion. It therefore enhances communication and dialogue among different stakeholders. The AHP uses a pairwise comparison of the criteria categories and of the criteria in each category. These pairwise comparisons are then automatically aggregated into a total weight using a mathematical procedure based on the eigenvalues and eigenvectors of the resulting weighting matrix. The pairwise comparison reduces the complexity of the multidimensional assessment. In addition, it allows the detection of inconsistencies in the evaluations and thereby deepens researchers’ understandings of these preferences. To enable the integrated assessment of indicators with different units, the weighting process transforms these indicators into dimensionless comparable classifications on a common numeric scale. For a detailed description of the AHP, see References [44,47]. Here, this method was embedded in a three-step procedure: individual, group and overall weighting, of which the group weighting was the most relevant part.



The individual weighting, in which each stakeholder applied the AHP according to their own preferences, served as preparation for the subsequent group weighting. In the group weighting, we specified four different working groups with focus on different criteria. We then asked all participants to join one of these groups according to their individual preferences:




	
a techno-economic group,



	
an environmental group,



	
a societal group,



	
and an equal preference group.








The group weighting is the essential part of the weighting process, since it is on this level that dialogue is enhanced and a fruitful discussion becomes achievable. It results in a weighting that is representative for the individual weightings in the group. The question of how to reach consensus was left to the groups. In some groups, the participants’ weightings did not differ significantly, so these groups were able to come to a group result easily. In other groups, an intensive and vivid discussion ultimately led to a consensus. Some groups calculated the arithmetic mean of the single weightings and used this as a basis for further discussion. Although the need for discussion was very different among the groups, each group ultimately reached consensus in each country workshop.



As an optional third step, the workshops also worked on an “overall weighting”—an attempt to bring together all stakeholder preferences. Finding a consensus in a larger group of heterogeneous stakeholders is a difficult task, with a likelihood of failure. The arithmetic mean of all group weightings was used as a starting point, from which the stakeholders were given the opportunity to change the weighting if it did not reflect their judgment. In Tunisia, the discussion of the arithmetic mean led to alterations in the weighting. Not all groups, however, were able to agree on the resulting weighting. But when it turned out that such alterations had no effect on the ranking of the scenarios, the participants nevertheless decided that the adjusted weighting would be the overall weighting. In Morocco, the discussion of the arithmetic mean and alterations in the weighting led to a consensus among all groups. In the Jordan country workshop, no consensus could be agreed on because the majority of participants felt that the average results did not represent their preferences.



In this case, where a consensus could not be reached, the arithmetic mean of group weightings was used for a summarising view across preference groups instead. This weighting does not reflect the actual preferences of a person or group. However, it can be a useful tool to summarise general trends and also to examine the impact of different decisions on the outcome of the MCA, in this case on the resulting scenario ranking.




2.2.4. Ranking the Identified Electricity Scenarios


In the last step of the MCA, the study applied the weighted criteria to the alternatives in order to create a ranking of the scenarios. This meant that all the indicators were combined with the weighting factors, using the WSM as well as the TOPSIS methods. In the WSM, the indicators were simply multiplied by the weighting factor of the corresponding criteria and totalled for each scenario. Each criterion therefore influences the result directly according to its assigned weighting. This procedure leads to a score for every scenario and the scenarios can be ranked. The TOPSIS ranking method computes the distance of a scenario to the best possible alternative, ranking the scenarios from best (with the shortest distance) to worst (with the longest distance to the ideal solution). A detailed description of the ranking methods can be found in Reference [45].






3. Results


This section describes and analyses the scenarios for the target year 2050 developed in the workshops for all three countries, as well as the rankings resulting from the MCA. This is followed by a more detailed description of the top-ranked scenario of each country and a short roadmap showing how to achieve the proposed installed capacities of the scenarios.



3.1. Describing the Scenarios Developed


In each country, the workshop participants successfully developed four (Morocco, Tunisia) or five (Jordan) electricity scenarios for the target year 2050. Such a variety of scenarios allowed participants to consider the diverse range of stakeholder views and to compare a broad spectrum of future energy system arrangements.



All three countries are expected to face a significant increase in their electricity demand in the long term [48,49]. Such growth requires considerable expansion of currently installed capacity, ranging between four-fold and seven-fold increases in the target countries by 2050. Having limited domestic fossil resources [46] but at the same time focusing on conventional fossil fuels in the current energy system, all three countries have the aim of shifting from their current position as net energy importers to net energy exporters in the future. Since the potential of domestic renewable resources is very high in all three countries, the installation of renewable energy capacities can reduce national-level energy dependence, though this would also create a need for additional electricity production capacities due to renewables’ intermittency. Additionally, Morocco, Jordan and Tunisia are still considered “developing” economies today [50], which means that expected future economic development will further intensify their energy needs.



In general, the workshops revealed that even though the criterion of CO2 emissions was not prioritised by stakeholders, the increase in renewable energy options in the future was supported by participants based on the criteria of “energy independence” and “low water consumption of the electricity system”. This understanding is reflected in the various scenarios they developed (see Appendix A.1, Appendix A.2 and Appendix A.3), where a mix of different renewable energy technologies combined with gas-fired power plants are the most frequent composition of the proposed future electricity systems.



In order to keep the diversity of the developed scenarios at an easily manageable level, the scenarios were classified into four major groups, depending on the role renewables play. Category A comprises scenarios that are fully based on renewable energy technologies. Scenarios focusing on renewables but still including a minor share of conventional technologies fall into Category B. Rather balanced shares of renewable and conventional production can be found in Category C, while in Category D, the dominant conventional technologies are supplemented by lower shares of renewables. A list of all scenarios can be found in Appendix A.



Morocco is expected to experience a significant increase in electricity demand until 2050. Installed generation capacities will have to increase from about 8000 MW in 2014 [51] to between 70,000 MW and 85,000 MW in 2050, depending on the respective scenario (see Appendix A.1). Such a development is required due to an estimated five-fold increase in electricity demand, up to 173 TWh/year in 2050 [31]; this represents the highest projected absolute electricity demand in 2050 among the three countries surveyed here. According to national targets, 52% of installed capacity should be renewable by 2030 [52], which equals about 13,000 MW. In the scenarios developed here, this number could increase to between 57,000 MW and 85,100 MW by 2050, mainly covered by high shares of wind energy and solar PV. The amount of hydropower and CSP capacities in 2050 would probably be the same as those planned for 2030 in order to limit the use of water and maintenance-intensive technologies in mainly desert regions. Conventional technologies will play a minor role in the future electricity system, as domestic resources are very limited and CO2 intensive fossil fuel technologies are not able to meet the requirements of the Paris Agreement [53,54].



Jordan faces the highest projected percentage increase of its electricity demand by 2050; at approximately 106 TWh/year, this would be seven times higher than in 2014 [32]. Thus, the total amount of installed capacities needs to increase significantly from 4000 MW in 2014 [55] to about 20,000 MW to 78,000 MW, depending on the future composition of the electricity system in 2050 (see Appendix A.2). Although Jordan has very limited domestic natural gas reserves [56], gas-fired power plants represent the highest share of conventional power generation in the present energy system and, as Appendix A.2 shows, will presumably play a significant role in the future. There might be considerable potential for pumped hydropower storage, either between the Dead Sea and the Red Sea or as one system directly located near the Red Sea; this might even be less expensive than battery storage options. These options, however, were not pursued by the stakeholders during the scenario development due to their currently unknown potential.



In contrast to the Moroccan scenarios, there is no clear preference for one or two renewable energy technologies; wind energy, solar PV and CSP are all considered with significant shares. In total, renewable capacities range between 2300 MW and 69,000 MW in 2050 in the scenarios.



Tunisia’s electricity demand is set to increase from 18 TWh/year in 2014 [57] to approximately 70 TWh/year in 2050 [33]. To cover such growth, installed capacities must increase from about 4800 MW in 2014 [57] to between 18,000 MW and 26,300 MW by 2050. The installed capacities of renewable energy technologies will probably have to increase from the currently planned 3815 MW by 2030 to at least 8400 MW, depending on which scenario is developed. 95% of currently installed capacities run on natural gas, which is also the only conventional technology that was considered by the workshop participants for the future electricity scenarios (see Appendix A.3).



Wind energy, solar PV and CSP were included in all of the scenarios, with a slight focus on solar technologies. However, the planned renewable capacities from wind and solar for the future only correspond to the lower end of the estimated total potential of 10 GW and 280 GW, respectively [58] and could therefore even be exploited to a greater extent than currently envisaged. Hydro power is limited to current installations as water is very scarce in Tunisia [59]. Another source not explicitly described in the scenario results but very important for the Tunisian population is the use of domestic rooftop PV systems to enable the cheap generation of their own electricity [60].



More detailed information about the scenarios described and the underlying workshop results are available in Reference [31] for Morocco, in Reference [32] for Jordan and in Reference [33] for Tunisia.




3.2. Applying an MCA to the Given Scenarios


As outlined in Section 2.2, the results of the stakeholder-based MCA can be further divided into (intermediate) weighting results and (final) ranking results. While the former give insights into the preferences of different stakeholders with regard to individual criteria, the latter represent a ranking of the identified alternatives in light of these preferences. Section 3.2.1 and Section 3.2.2 give an overview of both types of results for all three countries under study.



3.2.1. Results of the Scenario Weighting


The criteria weightings resulting from the stakeholder workshops in Morocco, Jordan and Tunisia are presented in Appendix B. The figures in the respective tables represent the weight in percentage points calculated from the pairwise comparisons of criteria during the group weighting stage.



Given the fact that the stakeholder groups in the MCA process were assembled according to the general preferences of the respective participants (see Section 2.2.3), this group bias was expected to be mirrored by the weighting results of the groups, for example, resulting in high weightings assigned by the environmental group to criteria linked to aspects of environmental degradation. This effect was observed in most groups but not all.



In Morocco, most of the groups prioritised techno-economic criteria and weighted “energy independence” as the most important criterion by far (42–52%). The other criteria obtained a relatively low weighting compared to “energy independence”. Only the environmental group developed a structurally different weighting, resulting in “water consumption” as the most important criterion (40%)—followed by “air pollution (health)” and “hazardous waste”. During the subsequent plenary discussion, a consensus weighting among all workshop participants could be reached. This consensus still focused on techno-economic criteria but also acknowledged the importance of “water consumption” and “domestic value chain integration.”



In Jordan, most group weightings reflected the respective groups’ category priority as expected, that is, the techno-economic group prioritised all techno-economic criteria (15–31% each), the environmental group ranked environmental criteria higher (24% each, with the exception of “land use,” which was considered less important) and the societal group gave more importance to social aspects of energy systems, especially “safety” (46%) and “air pollution” (20%). However, the equal preference group did not consider the categories to be equally significant: environmental and societal criteria, especially “air pollution” and “hazardous waste,” dominated techno-economic aspects. In the arithmetic mean, “safety” stood out as the most significant criterion. Forming a consensus (considered an optional step of the process, see Section 2.2.3) could not be reached in the plenary discussion due to the strongly diverging opinions of the participants.



In Tunisia, the preferences of the different groups roughly represented their respective focus, that is, the techno-economic group weighted criteria from the techno-economic category higher than the other groups and the environmental group placed its focus on environmental criteria. The equal preference group displayed rather balanced weightings among the three criteria categories. However, “energy independence” also seemed to be crucial to groups other than the techno-economic one: the societal and equal preference groups still weighted this criterion as rather important. It was also the only outstanding criterion in the arithmetic mean. A consensus across the groups could be reached only after the participants were assured that their original group rankings would remain part of the final ranking and the workshop’s conclusions. Using the arithmetic mean as the starting-point of the discussion, the consensus included a slight increase of the weighting assigned to “system costs” and “system flexibility” as well as “on-site job creation” at the expense of “energy independence” and “safety” but it did not differ significantly from the average weighting.




3.2.2. Results of the Scenario Ranking


In Morocco, the different group weightings all resulted in the same scenario ranking (Table 2). The Category A scenario featuring 100% renewables ranked first, followed by the “Mix 2” and “Mix 1” scenarios, while the “PV” scenario was least preferred across all scenarios. Only the consensus weighting showed minor deviations in the ranking—with an inverted order of “Mix 2” and “Mix 1.” All scenarios in positions 2 to 4 focused on selected renewables, which were supplemented by different different compositions of fossil fuels (Category B). For a definition of scenario categories, see Section 3.1.



The fact that structurally different weightings led to an identical ranking can be considered a coincidence in Morocco: for most groups (those which considered “energy independence” crucial), the top position of the “ 100% renewables” scenario was mainly determined by the superior performance of the scenario with regard to this criterion. However, the scenario also features the lowest “water consumption,” “air pollution” and “generation of hazardous waste,” which were considered most important by the environmental group. This scenario therefore also ranked first on the basis of this group’s weighting.



As a result, the scenario ranking that the participants obtained turned out to be robust with regard to the preferences of all stakeholder groups involved in the workshop. Achieving the outlines of the Category A scenario, “100% renewables” in 2050 would result in an energy system solely based on renewable energy technologies, mainly from wind and solar power.



Also in Jordan, the different weightings resulted in similar scenario priorities (Table 3). In all stakeholder groups, the “No imports” scenario, which would solely rely on domestic power sources, ranked first. In addition to renewable sources, this scenario also considers small amounts of fossil shale oil and gas. The techno-economic, environmental and societal groups’ preferences all displayed the same ranking of scenarios, which was also reflected by the arithmetic mean across all groups. However, the equal preference group revealed a different prioritisation: here, the “Mix including nuclear” scenario, which is the only one containing nuclear power and coal, ranked second instead of last.



On the one hand, the “Mix including nuclear” scenario can be considered a moderate scenario that would not result in extreme values as compared to the other scenarios concerning most criteria. For example, with regard to “energy independence,” “air pollution” and—due to the relatively low share of nuclear power–even “hazardous waste,” this scenario ranges between “No imports” at one end of the scale and the other fossil-based scenarios at the other end. The “Mix including nuclear” scenario therefore appears to correspond better to the rather balanced category preference of the equal preference group. The other groups, on the other hand, placed stronger emphasis on their own individual criteria groups and especially those criteria in which the gas-focused and renewables-exempt scenarios (”Current plans + gas,” ”RE + gas” and “medium RE + gas”) outperformed “Mix including nuclear” (e.g., in “system costs,” “water consumption” or “safety”); this is consequently reflected in their ranking results.



The scenario ranking generated by the MCA turned out to be in accordance with the criteria weightings and preferences of the various stakeholders. Even though the stakeholders could not agree on a single set of common weighting results, they could, however, still relate to the final averaged scenario rankings. As a final result of the MCA, the “No imports” scenario proved to dovetail best with the preferences of the workshop participants. This scenario features a future electricity system that would rely mainly on renewable energy sources that are minimally supplemented by fossil fuels derived from domestic shale oil reserves (Category B).



In Tunisia, in contrast to the other two countries, the different weightings led to structurally different scenario priorities, with the exception of the societal and equal preference groups, which displayed the exact same scenario ranking (Table 4).



In line with its strong focus on “system costs,” the techno-economic group’s ranking basically sorted the scenarios in ascending order with regard to this criterion. As a result, the “Mix” scenario, with large amounts of natural gas and relatively little new installation of renewables, ranked first for this group, while participants’ lowest preference was for the most cost-intensive scenarios “Mix + solar” and “5 GW mix.” However, the “5 GW mix” scenario at the same time ranks first for all other groups, which dedicated more attention to aspects other than cost. The resulting scenario ranking turned out to be in accordance with most stakeholders’ criteria weightings and preferences. Nevertheless, there were significant differences among the four stakeholder groups, especially between the techno-economic on the one hand and the remaining groups on the other. The arithmetic mean as well as the consensus ranking resulted in the “5 GW mix” (Category A) scenario corresponding most closely with the preferences of the workshop participants. This scenario was characterised by a future electricity system relying exclusively on a balanced set of renewable energy sources.





3.3. Comparing the Top-Ranked Scenarios From the Three Study Regions


For each country case, the top-ranked scenario for the year 2050 was selected for further analysis of future options and needs to increase the installed capacity over time, according to the preference rankings developed during the workshops. In addition to the system description for 2050, the next step was to develop possible pathways to bring the electricity systems in those scenarios to fruition.



3.3.1. Top-Ranked Scenarios


According to the weighting results from Section 3.2.1, the top-ranked scenarios relied heavily on renewable energy technologies and thus were from Categories A and B. Their rankings were based on participants’ consensus in the case of Tunisia and Morocco and on the group average in the case of Jordan, where no consensus could be achieved (see Section 3.2.2). This section describes these scenarios as well as the most important underlying discussion results from the workshops in more detail.



Table 5 summarises the main characteristics of the top-ranked scenarios of each country. These scenarios can be seen as one possibility of a future electricity system, featuring a high share of renewables.



Today, the power systems in all three countries differ significantly, relying on different mixes of electricity generation techniques as well as meeting different electricity demand curves; this makes a direct comparison difficult. Different expectations regarding future electricity demand as well as varying electricity storage options also lead to different future energy system requirements. However, all countries could rely on sufficient renewable resources, which could be combined in a mix of different technologies to achieve energy independence in the future, as this criterion was very important for the stakeholders involved (see Section 3.2.1).



Morocco’s excellent wind resources, resulting from both high wind speeds and high wind availability [61], contribute to a slight focus on wind power (onshore) followed by a high share of solar PV in the top-ranked scenario. These intermittent technologies would be combined with a diverse mix of variable technologies to produce electricity in times when the intermittent technologies of wind and solar would not be able to meet electricity demand. Since hydropower resources are limited, workshop participants considered the utilisation of gaseous biomass (biogas) as another flexible electricity production technology besides CSP. Although there are currently no large-scale biogas plants in Morocco and no exact resource assessment is available, the use of biogas would reduce the increasing amount of agricultural and organic waste, which was also seen as important by the workshop participants.



In contrast to Morocco, Jordan’s top-ranked scenario envisions a future based mainly on three different pillars—wind power, PV and CSP—with 15 GW–25 GW each. Even though CSP is currently much more expensive and therefore not favoured by decision-makers, the workshop participants saw a clear benefit in it as an energy storage option compared to PV. However, using CSP mainly for covering the residual load during times when wind power and solar PV would not be capable of producing cheap electricity, it contributes only to small shares to the electricity production due to relatively high production costs. Since the possible exploitation of domestic shale oil and shale gas is currently under study [62], the scenario includes small shares of these conventional fossil fuels, contributing slightly to the total electricity production in times of a positive residual load. Another regional restriction of the Jordanian energy system is the assumed limited potential of relatively cheap pumped hydro power already mentioned above. Since no reliable estimates or research studies on the potential for this technology have been conducted, it was initially excluded and batteries were considered instead.



The top-ranked scenario for Tunisia’s future electricity system differs from the other countries because equal shares of wind power, PV, geothermal, biomass and CSP were all considered. In general, the workshop participants preferred PV most, being beneficial both as rooftop home systems and large-scale power plants. Under the assumptions made, geothermal and CSP were considered to be more expensive than other renewables. Although geothermal power is still cost-intensive and its potential is currently unknown, the participating stakeholders included this technology in future scenarios.



Looking at all the scenarios in Appendix A.1, Appendix A.2 and Appendix A.3, differences in the specific costs (in Eurocents(cts)/kWh) are noticeable between the scenarios that have high generation shares of renewable technologies and scenarios that have higher shares of conventional technologies. All three renewable-focused scenarios are the most expensive ones per country according to the presented results. However, this is not necessarily due to the renewables themselves. Assumed storage capacities as well as supplementary fossil plants operating with low capacity factors to compensate for fluctuating generation also contribute to high specific costs of electricity. The assessment of costs also changes when the external costs, mainly arising from conventional fossil energy, are internalised. According to Reference [63], externalities arise when a market transaction affects a third party that is not involved in the actual transaction. Internalising externalities is one approach to incorporating such impacts back into the market transaction. The most prominent negative environmental externality is pollution caused by conventional fossil fuel technologies. Pollution causes health problems but the underlying costs of such problems are not for the most part incorporated into electricity prices but are paid by the suffering party directly. The Moroccan case shows that when considering system costs and external costs, the 100% renewable scenario is by far the cheapest–with externalities exceeding system costs by three to four times [64]. This point makes it clear that external costs, energy independence and sustainability all play an important role with regard to cheap and environmentally friendly future electricity systems.




3.3.2. A Roadmap to Achieving High Shares of Renewables


The next step was to generate technology roadmaps for the top-ranked scenarios for each country that describe development towards the 2050 goals on an annual basis, using a back-casting approach [65]. This was achieved by linearly interpolating existing installations and capacities, intermediate targets and the 2050 scenario data (based on References [31,32,33,48,51,55,57,60]). The annual numbers that emerged represent the approximated development path required to reach the envisaged 2050 system. Although there might be room for manoeuvre over time in the actual implementation, intermediate goals should be in agreement with the calculated figures.



Since Morocco’s wind power installation is expected to be 5 GW in 2030 [4] (p. 29), a target of 45 GW in 2050 requires substantial capacity additions. This also holds for solar PV, albeit at a lower capacity level, reaching 16.7 GW in 2040 and 30 GW in 2050. Only an increase in installed CSP capacity can flatten out somewhat after 2030 due to the fact that CSP capacity is already expected to reach a substantial level (1.3 GW) by 2030. In the top-ranked scenario, conventional capacities would no longer be required in 2050 and therefore they can be or must be taken out of operation in the years before.



Similar to the Moroccan case, the installed capacity of renewables in Jordan under the top-ranked scenario significantly increases until 2050. While the Moroccan case anticipated total power demand to multiply by a factor of five between the intermediate year of 2020 and the target year of 2050, the corresponding factor of 10 in Jordan translates into an even more dramatic increase in installed capacity. In 2020, both wind power and solar PV will remain far below 2 GW of installed capacity [66] and they are forecast to reach 15 GW and 25 GW, respectively, in the scenario for 2050, meaning more than a tenfold increase. In contrast to the Moroccan scenario, in Jordan’s 2050 power system, there would still be conventional installations, which, however, would only be required to cover a few peaks in demand.



In Tunisia, power demand was forecast to more than double between 2020 and 2050, which nevertheless would result in a smaller necessary increase in installed capacity compared to the other two country cases. With multiple renewable technologies, each contributing 5 GW in the scenario for 2050, however, substantially increased development of all technologies would still be required.



For all three country cases, it is apparent that reaching a fully or substantially renewables-based power system by 2050 will require a major expansion of renewable capacities as well as a reduction in conventional capacity. The conventional capacity installed today or in use as part of the intermediate targets can or should be taken out of operation in the years before 2050. The role of this conventional capacity should be subject to further in-depth analyses. For all countries, it is clear that conventional capacity should not be expanded beyond current intermediate goals. At least for Morocco and Tunisia, it may even be advisable to reconsider intermediate targets. Figure 1 illustrates the calculated installed capacity in selected years. It becomes obvious that the increases among the countries differ, depending on hypothesised electricity demand in 2050 and national intermediate installation targets. These roadmaps should therefore be seen as a sound basis for further discussion about what steps are necessary in terms of a required legal framework, incentives, or the prevention of stranded investment.





3.4. Comparison of Country Results


The individual workshops focused on one country each and intentionally provided an arena for discussions about country-specific issues such as national targets and plans, and potential challenges and opportunities. The additional juxtaposition of the country results and country-specific discussions further reveals similarities and differences between the country cases. Such a comparison could be utilised by a country’s stakeholders to learn from other country cases. Moreover, stakeholders from third countries might be inspired by the differing aspects of the three country cases, which could be translated into the development of targets and plans in their own countries.



Analysing all country weightings as a whole reveals repeating patterns of criteria, with similar weighting results in different countries: while high weightings are assigned to all techno-economical criteria as well as “water consumption”, “hazardous waste” and “air pollution” by different groups in all countries, “land use”, “CO2 emissions” and aspects of job creation are considered less important in all countries. Some of these patterns are rather obvious, such as a far higher importance assigned to “water consumption” as compared to “land use”, with all three countries characterised by an arid climate and a low population density, especially in vast rural areas. Other patterns appear to contrast with political focal points at the global level as well as local characteristics of the countries. Especially in the light of the “Paris Agreement” [53], the subordinate weighting of the “CO2 emissions” criterion in all countries is a noticeable result. Only the environmental workshop group in Jordan gave this criterion a two-digit weighting (24%); in many other groups, it even turned out to be considered the least important criterion. It therefore appears that, in the perception of most stakeholders, the long-term global goal of climate protection is still outweighed by urgent short-term challenges, mainly socio-economic ones. Furthermore, although unemployment rates are high in all three countries [67], none of the countries prioritised one of the two job-related criteria of “on-site job-creation” or “domestic value chain integration” by assigning larger weights.



When comparing the MCA stakeholder process in all countries, similar rankings across multiple groups could be observed even after vigorous discussions and widely diverging opinions during the weighting stage of the process. However, this does not allow us to conclude that different criteria weightings only have limited influence on the scenario rankings. It rather shows that different scenarios developed in the workshops simultaneously demonstrate similar characteristics concerning different criteria that are regarded as important by different groups. For example, a scenario contributing both to “energy independence” as well as lower air pollution may by highly ranked by two different groups, which nevertheless assigned specific importance to the one or the other criterion. As a result, although consensus-finding on the importance of different aspects of future electricity systems may be difficult, it would still be possible for heterogeneous groups of stakeholders to ultimately agree on particular transformation pathways for the electricity system.



With regard to the calculated ranking results in the respective countries, it appears that most stakeholder groups across all three countries had similar preferences for similar types of scenarios. With the due caution with regard to the relatively small sample of countries, scenarios and stakeholder groups, we observe the following:




	
The highest preferences were calculated for scenarios from Categories A and B, characterised by high shares of renewable power, especially for 100% renewable scenarios (if available from the respective range of scenarios).



	
Lower preference values were calculated for Categories C and D scenarios, which assumed that conventional fossil-based power would continue to play an important role in the decades to come.



	
In most cases, nuclear power had already been excluded during the stage of scenario definition. The only scenario that discussed nuclear power (”Mix including nuclear”, in Jordan) ended up receiving the lowest preference results.



	
With regard to renewables, most scenarios (especially the top-ranked ones) feature a diverse mix of different renewable power sources instead of deploying single technologies such as only wind power or only CSP.








However, in addition to some recurring patterns, it was also possible to notice differences between the three countries under study: the Moroccan stakeholders initially refrained from considering Category C and D scenarios including nuclear power as well as relevant future shares of fossil fuels. As a consequence, while the first-ranked scenario is based on renewables only (Category A), all other—rather similar—scenarios (ranked second to fourth) still focus on renewable technologies that are only supported by fossil fuels to a limited extent (Category B). Although the Moroccan scenarios also showed an aforementioned tendency towards a diversified electricity mix, compared to the other countries, they nevertheless had a stronger focus on single technologies, especially wind and PV power.



In principle, the Tunisian stakeholders developed a similar range and ranking of scenarios as the Moroccans did but they additionally also defined a Category C scenario with a rather balanced share of renewables and fossil-based power. However, this scenario was least preferred according to the calculated rankings.



In contrast to the two other countries, in Jordan, three out of five scenarios the stakeholders defined could be assigned to Category D, because they still focused on selected fossil technologies (mainly gas) even in 2050. These were ranked from second to fourth, while the only Category B scenario with a focus on diverse renewables ranked first. The only scenario with relatively balanced shares of renewables and fossils as well as supplementary nuclear power (Category C) received the lowest ranking.



This comparison of the three country cases shows that a large variety of arrangements of these countries’ future power systems is possible. Not only do the scenarios differ substantially in the future mix of technologies but also in the resulting costs and the amount of direct CO2 emissions (see Appendix A). Such differences, again, can be found not only within one country but also in the comparison of one country with another. However, the three country cases have shown that high shares of renewable energy sources in these countries’ future power systems were gladly included in most of the scenarios developed or vice versa, high shares of conventional power generation in the countries’ future power systems were regarded to be rather unpopular. Results from all three countries demonstrated that an electricity supply based solely or to a large extent on renewables is technically possible and economically feasible in the countries of analysis. This depends to a limited extent on the amount of local resources, while the main driver in these countries’ future power system concerns the question of available storage potential and the anticipated load level.





4. Discussion


The following paragraphs take a look at the results with respect not only to content but also to the methodology surrounding group MCA.



4.1. MCA Methodology


The workshops highlighted procedural challenges linked to the application of an AHP-based multi-criteria assessment in groups. The lessons learned include the following aspects:



To check pairwise weightings of criteria for consistency is as fundamentally important as it is difficult. In our workshops, we relied on printed questionnaires that were subsequently transferred to an Excel-based MCA tool that included a mathematical consistency check. Although participants were asked to check their results for consistency before handing them in, some inconsistencies could only be pointed out by the Excel tool. This created needs for another iteration of the weighting process, which was partly seen as an attempt to influence the formation of opinion. This process could be improved by applying a less strict consistency check (e.g., as described in Reference [68]) than the check based on Reference [47] which was used here.



The successful application of the AHP relies on the definition of structurally different alternatives that are fed into the weighting and ranking stage. However, in a group process that starts with the definition of alternatives, individual preferences are already included in the definition stage, which may result in the exclusion of unpopular alternatives at the outset. The process owner of the MCA needs to make sure that alternatives defined in the process demonstrate fundamental differences.



Applying an MCA in a process with groups of heterogeneous stakeholders is expected to result in a wide range of different weightings. However, a range of diverse weightings may even result in similar rankings.



Based on our observations, participants in the process may have a tendency to assign inferior weightings to criteria which they generally rate as important but which are currently not considered as a problem (e.g., presently good air quality in a specific country).




4.2. High Electricity and Capacity Demand


As described in Section 3.3, the scenarios in all countries are based on a major increase in future demand for electricity production as well as for the installation of corresponding additional generation capacities. On the one hand, our calculations show that the resulting systems might be technically viable. They are also in line with the high level of technology optimism among the workshop participants, which became apparent during the workshops. On the other hand, large power systems, even those relying mainly on renewable resources, cause severe side effects such as high investment cost, high demand for mineral resources (including critical minerals) [69], increased water consumption and ecosystem degradation. The threats from these adverse effects might even be exacerbated as soon as a transformation of the entire energy system is seriously considered by national policymakers or in case the countries under study decide to harvest their export potential for electricity-based products such as solar fuels and chemicals. However, several strategies exist to reduce the amount of future construction required and the usage needs of additional plant capacities: first, energy sufficiency and efficiency policies can lead to lower long-term electricity demand. Second, there are balancing effects in connected energy systems, in contrast to the isolated systems assumed in this study. This reduces the necessary peak generation capacity. And third, additional measures not considered in this study, such as demand-side management and sector-coupling technologies, can also reduce the need for electricity generation capacity.




4.3. Stakeholder Preferences


In all three countries, there was a very high commitment for high shares of renewable energy in the future energy system. That is especially because these contribute to energy independence, which stakeholders considered very important. In this context, cost effectiveness and the availability of local resources were the important features of the most widely preferred energy generation technologies. A mix of different renewable energy systems with a focus on solar sources (as well as wind in Morocco) emerged as the most popular option. The use of biogas plants on a large scale was seen as an option to reduce waste in the three countries. Coal and nuclear power were regarded as unpopular technology options in all three countries because of their high costs, the lack of international funding and their non-sustainable characteristics. Energy storage is a key question, especially for Jordan, since pumped hydro power was not considered to be an option due to water scarcity, and batteries would be necessary instead.



The stakeholder preferences outlined above correspond to recent scenario literature describing global and regional 100% renewables scenarios in the electricity as well as the entire energy sector [70,71,72,73,74]. Already in 2011, the Working Group III Special Report on Renewable Energy Sources and Climate Change Mitigation (SRREN) of the Intergovernmental Panel on Climate Change (IPCC) pointed out that “a significant increase in the deployment of RE by 2030, 2050 and beyond is indicated in the majority of the 164 scenarios reviewed in this Special Report” [75], referring to an analysis of Reference [76]. In terms of renewable energy shares, many of the scenarios discussed in our work (those of category B, C and D) even lag behind the scenario studies from the literature mentioned above.



Apart from being socially preferred or accepted, future electricity scenarios must also be plausible from an electrical engineering perspective. Aspects of electrotechnical feasibility of preferred scenarios beyond a balancing of supply and demand on an hourly basis are not covered by our analysis. However, these aspects, such as the consideration of sub-hourly time resolutions, the provision of reserve power or other ancillary services, are subject of numerous publications. For example, Reference [74] concludes that “there are solutions using today’s technology for all the feasibility issues raised” in the discussion about scenarios featuring 100% renewable electricity. However, even with the required technologies available, the comprehensive transformation of the electricity sector of a country from mainly fossil to renewable sources remains a challenging task, which needs to be accomplished in a cost- and resource-efficient manner.




4.4. Strategic Decisions


In all three countries under study, the approach using participatory workshops to identify priorities for future electricity systems proved to be an appropriate method to enable constructive discussions and receive valuable contributions from a wide range of stakeholder groups. The workshops created awareness about the necessity of adopting national long-term goals up to the year 2050, because the currently adopted targets for 2020 or 2030 will not be sufficient to cover the expected increase of future electricity demands. In the discussions, participants saw the dissemination of knowledge related to the long term (i.e., until 2050) as a basis to facilitate informed planning and investment decisions that need to be made today. The workshops also pointed out the potential need to revise existing 2030 development plans for the respective countries: according to the workshop discussions and modelling results, many scenarios featured a decommissioning of most fossil power plants before 2050. As a result of the usually high technical lifetime of such types of plants, any construction of additional fossil-fuel plants in the decades to come would therefore likely be linked to a high risk of stranded investments. The same logic not only also applies for nuclear power plants but is further bolstered by larger environment-related challenges and problems. Due to infrastructural and geographical concerns, plans to build two nuclear power units in Jordan by 2025 were cancelled in 2018. However, the Jordan Atomic Energy Commission (JAEC) is still planning the construction of small modular nuclear reactors to deploy the country’s domestic uranium reserves [77]. According to the workshop participants in Tunisia and Morocco, plans for nuclear energy in both countries have been put on hold as no potential sites could be identified and the technology’s deployment was perceived to be too closely linked to a host of techno–economic, ecological and societal risks [31,33]. In light of the respective domestic levels of renewable resources from solar and wind as well as the modelling results obtained from renpassG!S, this study found nuclear power to be unnecessary in the future with respect to covering the rising electricity demand of the three countries under study. The results of the study therefore entail a recommendation of reviewing and possibly abandoning remaining plans to build nuclear power plants, thus facilitating a focus on the implementation of more widely accepted renewable technologies.




4.5. Conclusions


To achieve a high level of energy independence, all three countries should focus on their abundant renewable energy sources such as solar and wind power for their future power supply. Provided that sufficient residual material flows are available, sustainable biomass technologies should also be considered in long-term national goals; conventional generation should play a minor role.



Opportunities to establish electricity systems based on high shares of renewable energy should be investigated while simultaneously working to reduce the required capacities for electricity generation and storage. These opportunities may include a combination of renewable technologies with different feed-in profiles or balancing supply and demand by means of various flexibility options. Even though the scenarios take thermal storage through CSP plants into account, the need to further reduce storage demand is especially important with regard to the limited availability of other storage options such as pumped hydro power in Jordan and Tunisia. In the case of Morocco, researchers should work to identify the potential application of additional storage technologies (other than pumped hydro power) in an effort to reduce the country’s dependency on the availability of its water resources.



Researchers and policymakers should define long-term goals and intermediate steps towards these goals; existing intermediate goals might need to be revised in order to avoid stranded investments, since today’s decisions will have a significant influence on the future system. There is a need for new policies to support these goals and to enable new business models.



It will be necessary to disseminate knowledge to the general public about long-term goals and improve participation processes, while concurrently further analysing and discussing available options to produce electricity, with all their advantages and disadvantages in economic, ecological and social terms. Representatives of the population need to be included in the discussion on the countries’ future electricity supply to increase public support for national targets. There should be a strategy to assure that all societal groups are empowered to participate in this process. Finally, action needs to be taken to ensure that the local population has its fair share of benefits from the increase in renewable energy technologies, such as new green jobs or financial participation in decentralised projects.
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	TOPSIS
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Appendix A. Installed Capacity, CO2 Emissions and LCOE in the Developed Scenarios


Appendix A.1. Morocco, 2050
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Table A1. Selected characteristics of scenarios (Morocco, 2050).






Table A1. Selected characteristics of scenarios (Morocco, 2050).





	
Ranking Result

	

	
Rank 1

	
Rank 2

	
Rank 3

	
Rank 4




	
Technology

	
Unit

	
100% Renewable

	
Mix 1

	
Mix 2

	
PV




	

	

	
Category A

	
Category B

	
Category B

	
Category B






	
Renewable




	
   Wind power

	
MW

	
45,000

	
35,000

	
40,000

	
10,000




	
   PV

	
MW

	
30,000

	
15,000

	
10,000

	
50,000




	
   Hydro power

	
MW

	
3100

	
3100

	
3100

	
3100




	
   Biomass

	
MW

	
5000

	
3000

	
3000

	
0




	
   CSP

	
MW

	
2000

	
2000

	
1500

	
1300




	
Conventional




	
   Coal

	
MW

	
0

	
5000

	
6000

	
4937




	
   Oil

	
MW

	
0

	
741

	
741

	
741




	
   Gas

	
MW

	
0

	
500

	
6172

	
6172




	
Total

	
MW

	
85,100

	
69,341

	
70,513

	
76,250




	
PHS (pump)

	
MW

	
10,000

	
9000

	
10,000

	
23,906




	
PHS (turbine)

	
MW

	
17,926

	
9635

	
7511

	
14,283




	
CO2

	
Mt/a

	
0.0

	
18.5

	
19.1

	
29.3




	
LCOE

	
cts/kWh

	
9.73

	
8.56

	
8.61

	
9.44










Appendix A.2. Jordan, 2050
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Table A2. Selected characteristics of scenarios (Jordan, 2050).
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Ranking

Result

	

	
Rank 1

	
Rank 2

	
Rank 3

	
Rank 4

	
Rank 5




	
Technology

	
Unit

	
No Imports

	
Medium RE + gas

	
RE + gas

	
Current Plans + gas

	
Mix Incl. Nuclear




	

	

	
Category B

	
Category D

	
Category D

	
Category D

	
Category C






	
Renewable




	
   Wind power

	
MW

	
15,000

	
3000

	
4000

	
1200

	
8000




	
   PV

	
MW

	
25,000

	
3500

	
4000

	
1000

	
9000




	
   Geothermal

	
MW

	
3500

	
0

	
0

	
0

	
750




	
   Hydro power

	
MW

	
500

	
12

	
12

	
12

	
250




	
   Biomass

	
MW

	
5000

	
1500

	
90

	
90

	
700




	
   CSP

	
MW

	
20,000

	
2000

	
2000

	
0

	
5000




	
Conventional




	
   Nuclear

	
MW

	
0

	
0

	
0

	
0

	
2000




	
   Coal

	
MW

	
0

	
0

	
0

	
0

	
1000




	
   Oil

	
MW

	
5000

	
470

	
470

	
470

	
1500




	
   Gas

	
MW

	
4000

	
16,000

	
17,500

	
18,000

	
12,000




	
Total

	
MW

	
78,000

	
26,482

	
28,072

	
20,772

	
40,200




	
Batteries

	
GWh

	
40.0

	
2.0

	
2.0

	
0

	
9.0




	
(energy)

	

	

	

	

	

	




	
Batteries

	
MW

	
18,000

	
900

	
900

	
0

	
5,187




	
(power)

	

	

	

	

	

	




	
CO2

	
Mt/a

	
0.3

	
18.4

	
20.6

	
26.7

	
15.2




	
LCOE

	
cts/kWh

	
28.19

	
9.99

	
10.08

	
9.52

	
13.68










Appendix A.3. Tunisia, 2050
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Table A3. Selected characteristics of scenarios (Tunisia, 2050).
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Ranking Result

	

	
Rank 1

	
Rank 2

	
Rank 3

	
Rank 4




	
Technology

	
Unit

	
5 GW mix

	
Mix

	
Mix + solar

	
Solar + gas




	

	

	
Category A

	
Category B

	
Category B

	
Category C






	
Renewable




	
   Wind power

	
MW

	
5000

	
7000

	
1755

	
1755




	
   PV

	
MW

	
5000

	
6000

	
10,000

	
5000




	
   Geothermal

	
MW

	
5000

	
500

	
500

	
0




	
   Hydro power

	
MW

	
63

	
63

	
63

	
63




	
   Biomass

	
MW

	
5000

	
1000

	
1000

	
100




	
   CSP

	
MW

	
5000

	
1500

	
5000

	
1500




	
Conventional




	
   Coal

	
MW

	
0

	
0

	
0

	
0




	
   Oil

	
MW

	
0

	
0

	
0

	
0




	
   Gas

	
MW

	
0

	
8000

	
8000

	
9500




	
Total

	
MW

	
25,063

	
24,063

	
26,318

	
17,918




	
PHS (pump)

	
MW

	
400

	
400

	
400

	
400




	
PHS (turbine)

	
MW

	
400

	
400

	
400

	
400




	
CO2

	
Mt/a

	
0.0

	
7.24

	
6.90

	
14.01




	
LCOE

	
cts/kWh

	
16.46

	
8.96

	
11.76

	
9.47
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Table A4. Resulting weightings in the Morocco country workshop.
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	Techno-Economic Group
	Environ-Mental Group
	Societal Group
	Equal Preference Group
	Consensus





	System costs
	16
	1
	14
	20
	16



	System flexibility
	5
	2
	6
	10
	12



	Energy independence
	51
	8
	52
	42
	25



	CO2 emissions
	1
	6
	1
	1
	4



	Land use
	1
	3
	1
	1
	1



	Water consumption
	6
	40
	6
	9
	12



	Hazardous waste
	6
	16
	6
	3
	4



	On-site job creation
	3
	1
	1
	2
	6



	Local value chain integration
	8
	6
	3
	8
	11



	Safety
	2
	3
	3
	2
	3



	Air pollution (health)
	2
	17
	8
	3
	6









Appendix B.2. Jordan
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Table A5. Resulting weightings in the Jordan country workshop.
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	Techno-Economic Group
	Environ-Mental Group
	Societal Group
	Equal Preference Group
	Arithmetic Mean





	System costs
	15
	2
	1
	3
	4



	System flexibility
	21
	2
	4
	1
	5



	Energy independence
	31
	2
	9
	10
	12



	CO2 emissions
	1
	24
	1
	4
	4



	Land use
	0
	3
	1
	3
	2



	Water consumption
	4
	24
	1
	4
	4



	Hazardous waste
	4
	24
	5
	24
	14



	On-site job creation
	1
	0
	4
	1
	1



	Local value chain integration
	4
	1
	1
	3
	3



	Safety
	15
	15
	46
	13
	27



	Air pollution (health)
	5
	4
	20
	26
	14









Appendix B.3. Tunisia
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Table A6. Resulting weightings in the Tunisia country workshop.
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	Techno-Economic Group
	Environ-Mental Group
	Societal Group
	Equal Preference Group
	Consensus





	System costs
	49
	2
	2
	3
	13



	System flexibility
	8
	2
	8
	9
	11



	Energy independence
	20
	6
	18
	21
	16



	CO2 emissions
	2
	9
	5
	4
	6



	Land use
	1
	3
	2
	2
	2



	Water consumption
	5
	35
	5
	8
	13



	Hazardous waste
	10
	16
	2
	18
	12



	On-site job creation
	0
	3
	2
	2
	5



	Local value chain integration
	1
	3
	5
	8
	5



	Safety
	4
	3
	37
	5
	4



	Air pollution (health)
	1
	16
	15
	19
	13
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Figure 1. Capacity expansion trajectories in the top-ranked scenarios for Morocco, Jordan and Tunisia. Based on [31,32,33,48,51,55,57,60]. 
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Table 1. Criteria for the acceptability of electricity scenarios.
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Category

	
Criterion

	
Sub-Criterion






	
Techno-economic criteria

	
System costs

	




	
System flexibility

	




	
Energy independence

	




	
Environmental criteria

	
CO2 emissions

	




	
Land use

	




	
Water consumption

	




	
Hazardous waste

	




	
Societal criteria

	
Contribution to local economy

	
On-site job creation




	
Domestic value chain integration




	
Safety

	




	
Air pollution (health)
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Table 2. Resulting rankings in the Morocco country workshop.
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	Scenario Name (Category)
	Techno-Economic Group
	Environ-mental Group
	Societal Group
	Equal Preference Group
	Group Average
	Consensus





	100% renewable (Category A)
	1
	1
	1
	1
	1
	1



	Mix 2 (Category B)
	2
	2
	2
	2
	2
	3



	Mix 1 (Category B)
	3
	3
	3
	3
	3
	2



	PV (Category B)
	4
	4
	4
	4
	4
	4
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Table 3. Resulting rankings in the Jordan country workshop.
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	Scenario Name (Category)
	Techno-Economic Group
	Environ-Mental Group
	Societal Group
	Equal Preference Group
	Group Average





	No imports (Category B)
	1
	1
	1
	1
	1



	Medium RE + gas (Category D)
	2
	2
	2
	3
	2



	RE + gas (Category D)
	3
	3
	3
	4
	3



	Current plan + gas (Category D)
	4
	4
	4
	5
	4



	Mix including nuclear (Category C)
	5
	5
	5
	2
	5
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Table 4. Resulting rankings in the Tunisia country workshop.
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	Scenario Name (Category)
	Techno-Economic Group
	Environ-Mental Group
	Societal Group
	Equal

Preference Group
	Group

Average
	Consensus





	5 GW mix (Category A)
	4
	1
	1
	1
	1
	1



	Mix (Category B)
	1
	2
	3
	3
	2
	2



	Mix + solar (Category B)
	3
	3
	2
	2
	3
	3



	Solar + gas (Category C)
	2
	4
	4
	4
	4
	4










[image: Table]





Table 5. Top-ranked scenarios.






Table 5. Top-ranked scenarios.





	
Countries

	
Morocco

	
Jordan

	
Tunisia






	
Scenario

	
100% renewable

	
No imports

	
5 GW mix




	

	
Capacity

(MW)

	
Energy

(TWh/year)

	
Capacity

(MW)

	
Energy

(TWh/year)

	
Capacity

(MW)

	
Energy

(TWh/year)




	
Wind power

	
45,000

	
126.6

	
15,000

	
30.4

	
5000

	
12.6




	
PV

	
30,000

	
43.6

	
25,000

	
44.1

	
5000

	
8.7




	
Geothermal

	
0

	
0

	
3500

	
19.3

	
5000

	
27.5




	
Hydro power

	
3100

	
1.0

	
500

	
0.0

	
63

	
0.1




	
Biomass

	
5000

	
20.0

	
5000

	
16.7

	
5000

	
21.4




	
CSP

	
2000

	
2.4

	
20,000

	
6.5

	
5000

	
0.2




	
Coal

	
0

	
0

	
0

	
0

	
0

	
0




	
Oil

	
0

	
0

	
5000

	
0.3

	
0

	
0




	
Gas

	
0

	
0

	
4000

	
0.0

	
0

	
0




	
Total

	
85,100

	
193.7

	
74,000

	
117.4

	
25,063

	
70.5




	
LCOE (Euro cts/kWh)

	
9.73

	
28.19

	
16.46
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