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This paper introduces a framework aimed at analyzing the water-energy-food nexus (WEF) within the context of sustainable farming practices utilizing renewable energy sources, specifically Solar PV, to optimize water management efficiency. The focus lies on investigating the interplay between the water-energy-food nexus and both technical and institutional factors. The study particularly delves into the utilization of distributed energy systems and microgrids for electricity distribution. To achieve the objectives outlined, the framework is applied to a case study involving an off-grid farm in Morocco, aligned with the country's “Green Morocco Plan” of 2008. The study employs the AnyMOD open-source modeling framework in combination with the publicly available decision support tool CropWat (Version 8.0). Through this coupling, a linear optimization model is created to assess various irrigation practices, thus evaluating the energy and water supply variations across different crop growth stages. By employing scenario analysis, the study reveals that the integration of a smart microgrid alongside storage technologies proves beneficial in terms of reducing overall system costs. This integration presents cost-effective solutions and enables the establishment of a sustainable energy supply driven by renewable energy resources. Furthermore, the investigation highlights that constraining irrigation to specific hours of the day results in increased storage requirements and higher associated costs. In conclusion, the study underscores that enhancing the water-energy-food nexus through the integration of a renewable-based microgrid is a complex task. However, it significantly contributes to the development of sustainable farming solutions. This research sheds light on the challenges and opportunities associated with aligning renewable energy, water management, and agricultural practices, ultimately facilitating the pursuit of environmentally conscious and efficient farming methodologies.
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1. Introduction

In the context of the Sustainable Development Goals (SDGs), defined by the United Nations (General, 2015), agriculture is linked directly to, i.e., zero hunger (SDG2), water (SDG 6) and energy (SDG 7). Both inputs, water, and energy, are scarce, and need to be used efficiently. This topic nowadays runs under the title of the “water-energy-food” nexus (WEF). The WEF is particularly important in arid regions, like North Africa, where some farms are completely isolated from the main grid, others are connected to the grid but still require additional energy to power their farm equipment. For both grid-connected and isolated farms, gas and diesel are the dominant alternative resources of energy. These fossil energies produce significant amounts of CO2, and affect the countries' ability to meet their climate targets, e.g., those agreed on in the Paris Agreement of the COP21 (General, 2015). Similarly, the region is threatened by water scarcity (Djaffar and Kettab, 2018). Governments and private actors often have to intervene and are trying to develop local solutions for decentralized sustainable water management systems such as water purification or desalination plants, water pumping and distribution systems, recycling units for gray water, smart agriculture projects etc., as alternative ways of coping with the situation.

While the water-energy-food nexus is a global topic, empirical evidence suggests that North Africa, i.e., the Maghreb region, is particularly affected by diminishing water resources and the need to migrate from fossil fuels to renewables. Agriculture plays an important role in these fast-growing countries. Thus, significant attention has to be paid to how the abundant renewable energy resources particularly Solar PV in the region can be sustainably developed for diverse farm production uses, with a direct impact on farm water management and opportunities for storage systems such as cooling chambers and water reservoirs. Algeria is an interesting case, that is starting to move from fossil fuels to renewables.1 Morocco is another case at hand, where despite recent technological progress, the agriculture sector is still using traditional technologies and approaches. The increasing number of small farms with complicated land title issues was one of the main limiting factors for policymakers to modernize this sector while taking into consideration the tradeoff between the economic scale and the social and rural structure of the Moroccan society (Faysse, 2015).

In this paper, we provide a framework for analyzing the microgrid approach and apply it to a concrete case study in Morocco using two models in the energy-water-food (WEF) nexus. Our hypothesis is that sustainable agriculture in the region requires both an efficient use of the scarce resource water and the conversion of the traditional, fossil-fuel based energy system to renewable resources. We combine the analysis of a real-world laboratory, a farm in Morocco, with a numerical modeling exercise to gain insights into potential development pathways for the WEF. The concept of local microgrids will be particularly useful in this context because they allow a flexible use of resources at modest cost. The next section of the paper provides elements of the techno-economic context of our paper, including distributed energy systems, the potential role of microgrids in the WEF; it also covers the setting of our case study, a farm in the Marrakesh-Safi region in Morocco. Section Methodology: models, scenarios, and data presents the modeling framework, combining an energy system model (“AnyMOD”) with a publicly available computer program of crop water requirements and irrigation (“CropWat 8.0”). We define four different scenarios that differ by assumptions on irrigation timing, and we explain the other variables. We include a scenario with an (exogenously developed) microgrid, to open the possibility of energy sector transformation. Section Results and discussion presents the results: We find a direct link between farming practices and the efficient use of water and (renewable) energy. In the longer term, the combination of a microgrid and some storage capacity, in addition so significant solar panels to generate electricity, yields the least-cost solution. We conclude in Section Conclusions and further research that the water-energy-food nexus in North Africa (and elsewhere, off course) has to be treated with care, but that sustainable development options do exist.2



2. Context: the water-energy-food nexus and application to a case study

This section presents some context that is needed to assess the case study of the WEF in Morocco. In particular, we review the potential role of distributed resources and microgrids, and we provide background information on the case study in Morocco.


2.1. Distributed energy systems and microgrids
 
2.1.1. Distributed resources

Decentralized energy systems have been defined by small-scale units that can generate energy for local clients. Therefore, Decentralized Energy System (DES) can be stand-alone or connected and shared to the network (Vezzoli et al., 2018). Figures 1, 2 illustrate how the DES can be implemented in the local grid. Of the numerous renewable energy development alternatives available, micro-grid systems have been described as one of the most self-sufficient and stable energy systems. They also have a significant potential of meeting the operational needs of such farms, as well as generating abundant energy for larger-grid integration, or storage using batteries and other technologies for local farm and broader community use (Lefore et al., 2021). The potential of such systems on and off the farms is further enhanced if such systems are digitalized (Blasch et al., 2020). However, the proper design and implementation of these systems to derive the maximum benefits depend on the availability of high-quality data and simulated models on the expected performances of these systems.


[image: Figure 1]
FIGURE 1
 Pumping system, installed pv panels. Source: authors.
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FIGURE 2
 Distributed energy systems. Source: (Vezzoli et al., 2018).


The microgrid concept is defined as a reliable solution to integrate distributed energy resources (DERs), load and energy storage systems. It can be seen as a box of connected units, distributing generation and the use of energy storage systems to one point that is called point of common coupling (PCC) (Olivares et al., 2014).

The deployment of microgrids is expected to reduce overall energy consumption, therefore reducing system costs. Microgrids are considered one of the features of distributed energy that can facilitate and coordinate the realization of smart grids (Vezzoli et al., 2018). Vezzoli in his paper has defined a decentralized energy system as the small-scale unit that can generate energy for local clients. Therefore, DES can be stand-alone or connected and shared to the network. Labrousse (2006) and Vezzoli et al. (2018) further elaborate on the concept and its relevance.3

According to Bloomberg NeF, the digitalization of energy systems can ensure and maintain grid stability and reliability, where the frequency can be regulated in real-time, and accurate response to the system demand will be provided. It can also provide the opportunity to monitor the grid and identify the weak point using digital technologies, optimization, and energy production forecasting tools that can help to integrate RE easily with efficient equipment. Consumers will have more control over their system and easy access to the data (energy consumption, power generation) (Cozzi et al., 2017).



2.1.2. Microgrids and the water-energy-food nexus

The interactions between water, food, and energy are diverse, and each of such interactions counts. A significant amount of water is utilized in the production of energy, from direct energy extraction as in hydroelectric power generation to indirect contributions such as in the production of either feedstock or relevant crops for synthesizing biofuels (Raza et al., 2019). Microgrids can accommodate various renewable energies, including more traditional ones such as photovoltaics and wind, but in some cases also geothermal energy. Kaltschmitt et al. (2010) and Jacobson (2020, 2023) provide a technical-economic survey of these potentials.

Electricity is the most efficient form of energy to manage the water resources needed for farming (Jackson et al., 2010). Consequently, traditional irrigation methods that use hand-based technology such as watering cans are being replaced, particularly on large farms with electricity-powered drip irrigation systems. Therefore, the direct results of utilizing energy in attaining a dual output of boosting food production with proper water management are evident (Chen et al., 2015) provide further insights into the complexity of managing the WEF. The nexus approach has a long tradition, but reflections have been revitalized by new elements, i.e., digitization and the opportunity to apply relatively cheap renewable energies. Thus, the WEF management approach addresses multiple objectives (Bellfield, 2015). The nexus approach has been viewed in the literature as a management framework that coordinates the interactions between diverse variables across different scales and sectors. Hence its application to the study of water, energy, and food is often geared toward resource use efficiency and policy coherence (El Youssfi et al., 2020). Applying digitized microgrid technology (smart metering, sensors, block chain and IoT technologies) in crop production to ensure the effective use of water resources and boost food production using clean energy is consistent with the tenets of the Water Food Energy Nexus propositions.

El Youssfi et al. (2020) further describe the application of a nexus perspective in the study of water, energy, and food resources. He argues that these three variables are pillars of most economies of the world but also, he argues in favor of the need to maintain an equilibrium in the drive to achieve coherence across these three key sectors. This argument is underscored by Raza et al. (2019). The issues have become even more urgent with the necessity to combat climate change and to secure reliable and inexpensive supplies. Figure 3 illustrates some of the key factors of the water-energy-food nexus.


[image: Figure 3]
FIGURE 3
 Illustration of the energy-water-food (EWF) nexus. Source: (Granit, 2022).


In the context of our case study in Morocco. The nexus highlights that water is crucial for irrigation and crop production, its availability and efficient management directly impact the food production in general. In addition, energy plays a vital role in agricultural activities, such as water pumping in our case, and machinery operation. Renewable energy technologies, such as solar photovoltaics, can provide clean and sustainable energy for the irrigation systems, reducing fossil fuels dependency and mitigating climate change. By integrating these key factors of the water-energy-food nexus, we strengthen the interconnection and enhance the management of water and energy resources for sustainable agriculture production.




2.2. Case study: a WEF-nexus in a farm in Morocco
 
2.2.1. Energy transformation in morocco

Morocco is relatively advanced in its energy transformation process, and it has already specified renewables targets, too (IEA, 2019). In 2012, the Moroccan government launched the “Green Morocco Plan,” which stated a strategic plan for the agriculture sector and the development strategy till 2030 (Najib, 2012). This plan supports young entrepreneurs by mobilizing about one million hectares of collective lands of high-value agriculture while promoting human and social development.

The COVID-2019 pandemic has increased the need for an efficient use of resources across all sectors (Sridhar et al., 2022). In the agricultural sector, labor availability and farm system resilience have been outlined to be clear domains of concern (Stephens et al., 2020). In their publication, the authors raise the question of what technological measures could be adopted to reduce dependency on human labor and gain efficiency in farming. Stephens et al. also highlight that the timing of labor needs is often inflexible for seasonally produced foods. This requires an efficient management of labor to secure future growing seasons and avoid adverse consequences for future food security.

As Morocco aims to make the agricultural sector one of its main pillars for economic development (Faysse, 2015), opportunities for increasing efficiency in agricultural production need to be explored. Smart operating microgrids that coordinate water management and irrigation scheduling together with a flexible supply of renewable energy resources appear to be a promising solution to increase resilience and profitability.



2.2.2. Overview of the chosen farm

The Rismar Farm (called “Abd El Hafid”) is situated in the El Kelâa des Sraghna province, Marrakech-Safi region, known for its great agricultural reputation, especially for the cultivation of olive trees.4 It occupies the first class of olive production at the national level. Particularly in the agricultural sector, olive trees remain the predominant trees in the region. They extend over more than 43,000 hectares, or almost 91% of the total area reserved for fruit farming with an average production of over 100,000 tons in a normal year, or twenty-four quintals per hectare [The Chamber of Commerce, Industry and Services of the Marrakesh–Safi Region (CCISRMS), 2022].

Recently, the Moroccan government has planned strong national investments in the agriculture sector, especially in olives. For instance, El Kelâa des Sraghna hosts the national olive exhibition. Thus, the Rismar farm could be considered like a living laboratory (or open platform) for sharing best practices in all aspects (e.g., microgrid, water, and energy).

The farmer has its own water resource using a pumping system, which operates on power-generated photovoltaic systems (15.6 kWp polycrystalline technology with no battery storage) deployed in 2014. This energy is used to pump water from the well (100 m depth). In addition, 3–4 gas bottles are used per day for additional electricity generation as shown in Figure 4. More precisely, the electricity generated from the PV system is not sufficient to power all the energy needs of the farmer; it is used also at night or on cloudy days to provide the farm with the needed electricity.


[image: Figure 4]
FIGURE 4
 Distribution channel of water and fertilizers. Source: authors.


Regarding the water, no storage tank is used so far. The groundwater is directly pumped and redirected to the irrigation system, which drips slowly to the roots of the plants, from above the soil surface. It should be mentioned that a water tank (basin) as captured in Figure 5 together with its supporting system (the irrigation system including the management part) were already deployed, but not used so far because of the lack of electricity. The farm does not have access to the public utility grid, neither is any electricity storage installed.


[image: Figure 5]
FIGURE 5
 The deployed basin and irrigation management system. Source: authors.






3. Methodology: models, scenarios, and data

For this study, the open-source modeling framework AnyMOD (Göke, 2021b) and the publicly available decision support tool CropWat (Smith, 1992) (Version 8.0) were used to create a linear optimization model for different irrigation habits. Using a brownfield approach, the combination of both programs allows to model different irrigation habits and to find their respective optimal capacities for power supply technologies within the already existing water infrastructure. The depicted exemplary farm cultivates wheat, potatoes, and small vegetables in equal shares.


3.1. Models
 
3.1.1. The anymod energy system framework

The AnyMOD Framework uses a graph-based linear modeling approach to allow for large scale energy system models (Göke, 2021a,b). It was previously used to model the European energy system by Kendziorski et al. (2022) as well as in many other publications on energy systems, such as Zozmann et al. (2021), Eerma et al. (2022), and Göke et al. (2022). It uses a graph-based approach to allow varying levels of detail for different energy carriers and time steps to reduce the size of the model and makes it faster to compute. Other modeling frameworks do not provide this option and need a lot of computational force to achieve similar results.

Another advantage of the AnyMOD framework is its transparency and ease of transfer across different applications. AnyMOD is an open source package for the Julia coding language (Bezanson et al., 2017). The user only needs to provide the necessary data files in from of csv-files (comma-separated-value-files), while AnyMOD reads in this data to write the corresponding optimization problem and all its constraints. Examples of this can be found in the AnyMOD documentation (Göke, 2021b).



3.1.2. Cropwat 8.0

In this paper, electricity generation and use were modeled on an hourly basis, while the granularity of water supply and demand varies across the different scenarios. CropWat 8.0 is a publicly available computer program by the Food and Agriculture Organization of the United Nations (FAO) for the calculation of crop water requirements and irrigation scheduling. The calculations are based on climate, soil and crop data that can be obtained using the CLIMWAT database (Smith, 1993). CropWat 8.0 uses daily input of climatic data to calculate a reference evapotranspiration (ETo) as well as effective rain and deduces net irrigation requirements. Effective rain is defined as the part of the rainfall which is effectively used by the crops and accounts for rain losses due to surface run off and deep percolation (Smith, 1993). There are four different methods to calculate effective rainfall in CropWat 8.0. In this paper, the USDA soil conservation service method was applied and for monthly values, it can be calculated as follows:
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where Peff is the effective power, Ptotal is the total power, and 250 mm is a threshold of rainfall. Peff is the amount of water from precipitation that is effectively used by the crop. Ptotal is the total precipitation for crop water requirements of non-rice crops, used as a reference. Evapotranspiration (ETo) is multiplied with the respective crop coefficient (Kc) this product represents the crop evapotranspiration under optimal conditions; this must be and can be subtracted by effective rain (Peff) to calculate the irrigation requirements (Irrreq).

[image: image]

Crop coefficients vary throughout four phases of crop cultivation, the initial stage, crop development stage, mid-season stage and the late season stage. In this study, CropWat 8.0 was used to calculate irrigation requirements for three-time steps in every month i.e., for 36 periods for a year. The data used was extracted from the CLIMWAT 2.0 (Smith, 1993) database, which uses observed agro-climatic data of over 5,000 stations worldwide and is publicly available. Climatic data from a weather station in Marrakech (station number 2479) and crop specific values from the CropWat 8.0 database were used to provide the necessary parameters.

In every scenario, a residual load was implemented to account for cooling and security systems. The yearly electricity usage for cooling activities per capita in El Paso (Waite et al., 2017) was taken for reference. As cooling activities broadly follow outdoor temperature (IEA, 2018), an hourly time series of PV potential was used as a distribution factor to estimate an hourly demand for cooling at the farm. In addition to that, a yearly electricity consumption of a security system was taken from Ion et al. (2021) and dispatched as a constant value over the year on an hourly resolution.




3.2. Scenario development

Four different scenarios were created to model different irrigation habits. This was made to depict and compare different behavioral strategies of the farmer that require varying degrees of infrastructure and labor. Across all scenarios, preexisting pumping systems and a water storage with the capacity of 10,000 m3 water are installed. In order to meet the irrigation demand water needs to be pumped out of a source (a small fountain for example), into the water storage and then needs to be pumped out of the storage and onto the fields which have a uniform surface area of two hectares. Figure 6 Energy water flow, and Table 1 summarizes the scenarios.

• In the first scenario (scenario IrrFix), irrigation happens in a constant flow of water on an hourly basis, with no regard to the daytime. The sum of the water flow equals the irrigation requirements of every crop. In this scenario, all crops are irrigated at all times i.e., they are all irrigated simultaneously. This depicts a case where all fields are irrigated via water pipes that use drip irrigation.

• The second scenario (scenario Irr9-5) depicts irrigation at working hours from 9 am to 5 pm. In this scenario, irrigation is labor intensive, and crops cannot be irrigated simultaneously.5 Therefore every 10-day interval was divided into 9 working days and each crop gets its water requirement fulfilled within 3 days of irrigating from 9 am to 5 pm.

• As a third scenario (scenario IrrME), irrigation is conducted for 3 h in the early morning (5 to 8 am) and in the evening (5–8 pm) and follows the same principal as the scenario Irr9-5, i.e., irrigation occurs on three distinct working days for each crop in each 10-day interval. This scenario depicts a case where farmers avoid working in heat. The same assumption about the availability of manual labor as in scenario Irr9-5 was made.

• The last scenario (scenario IrrOpt) represents the implementation of a smart micro grid, which optimizes around the availability of renewable energy resources (Solar PV energy) in alignment with the visual representation in Figure 7. The microgrid is 100% flexible when to irrigate on an hourly basis and how much, as long as the irrigation requirements of every crop is met in every ten-day interval.


[image: Figure 6]
FIGURE 6
 Energy flow graph. Source: authors, based on the AnyMOD framework.



TABLE 1 Scenario overview.

[image: Table 1]


[image: Figure 7]
FIGURE 7
 Supply and demand in scenario IrrOpt: electricity and water. Source: own calculations.


The model optimizes the energy investments and the use of storage under the assumption of full knowledge about the weather conditions (the year used for the study is 2019). The underlying assumption is that the farmer has knowledge about the weather conditions and is able to adapt the storage management accordingly. This assumption holds, when access to accurate weather forecasts is given and farmers are able to derive rational and precise decisions for their storage management based on this information. In this context, a smart microgrid that is able to take weather data as an input and then to calculate the optimal charging and discharging activities of the storages would be a significant progress and help to optimize the available renewable energy.



3.3. Data

For the development of the optimization model the authors collected different types of data, including from field trips and interviews, to assemble a representative snapshot for the farm in Morocco. For the availability of Solar PV, hourly generation potentials of the year 2019 were taken from a publicly available website (Pfenninger and Staffell, 2016; Staffell and Pfenninger, 2016) and for modules with a fixed tilt of 35° and for the diesel generator, solar PV, and battery lifetime, and cost described in Table 2. To create a time series that depicts the electricity consumption of a cooling system, data of the solar generation potential was used where the tilt and azimuth are optimized to follow the path of the sun, therefore crating a flatter and longer pattern.


TABLE 2 Diesel, solar PV, and battery cost.

[image: Table 2]

The cultivated crops in this study (wheat, potatoes and small vegetables) were selected based on their share of agricultural production (FAO, 2022) and their availability in the CropWat database. To calculate the irrigation requirements, data from CropWat 8.0 and CLIMWAT was used. The selected weather station in CLIMWAT has the number 2479 and is situated in Marrakech. Further cost estimates are summarized in Source: authors.




4. Results and discussion

Table 2 shows the Solar PV capacities and battery storage capacities, both in kilowatts (kW). In addition, the table includes a column showing the cost differential between the lowest costs (scenario IrrOpt), as 100%, and the cost uplift of the other scenarios. Figure 7 shows the flows of electricity and water over 500 h, both demand (upper part of each panel) and supply (lower part). Across all scenarios, small battery capacities were utilized to ensure that the residual power demand could be met in hours of zero electricity generation from Solar PV. Differences in pumping activities and water storage management will also be discussed in this section, together with more general implications of the reviewed scenarios.


4.1. Solar and battery storage investments

Investment in Solar PV capacities is quite similar throughout the scenarios. The results as shown in Table 3. However, those in battery storage capacity differ significantly. The results show that the smart microgrid (scenario IrrOpt) yielded the overall lowest system costs, around 39% below the second-best option. This is because investments in batteries are the lowest, thanks to the efficient distribution of the solar electricity generated.


TABLE 3 Results from the model for different equipment for the farm.

[image: Table 3]

When irrigating at a constant rate regardless of the time of day (scenario IrrFix), additional investments into battery capacities have to be made in order to ensure that the power demand of the irrigation can be fulfilled during the night. In order to minimize costs, efforts should be made to ensure that water that is needed for irrigation is already available and does not have to be pumped from the source during the night. This can be achieved by filling a water storage in times of high electricity generation from the Solar PV.

In this paper, the water storage is represented as a basin at ground level. However, above ground level water storages might have the potential to reduce the electricity demand for direct irrigation, by capitalizing on the potential energy of the water. This could potentially reduce the necessary battery capacities in this scenario significantly; however, it would also lead to a higher electricity demand during the day. The payoffs of above ground level water storages should be explored in further research. The overall system costs of the scenario IrrFix were 38.8% higher compared to a scenario with a microgrid that optimizes irrigation timing.

Irrigating between the traditional working hours from nine to five (scenario Irr9-5) yields a similar storage requirement as in the IrrFix scenario (+39:6 % higher costs). By irrigating at hours that are similar to working hours of other industries (i.e., from 9 am to 5 pm), most of the electricity demand occurs during the day, which is efficient for the utilization of Solar PV. However, in the early working hours (9–10 am) the generation of the installed Solar PV system has to be supplemented by batteries, due to the relatively small generation potential of solar-based technologies in this period. The battery and the water storage can then be refilled at hours of high PV availability and in the evening hours, where no direct irrigation occurs. Delaying the irrigation by just 1 h decreases the need for additional battery capacities and reduces the overall system costs by around 2%. This would make it a slightly better option, compared to the previously discussed scenario (IrrFix), but it would still be 37.6% more expensive than a scenario with smart irrigation timing by a microgrid.6

Last but not least, model results indicate that irrigating only in the early morning and in the evening (scenario IrrME) is the least efficient and most costly irrigation habit across all four scenarios. It yields around 64.4% higher system costs then a farm that is equipped with a smart irrigation system. This is because batteries have to account for the low solar potential during irrigation hours. The generation from the PV system is used to charge the battery and fill the water storage, but cannot be utilized for irrigation, which leads to inefficient energy management and high system costs. The frequent charging and discharging of the battery would also likely shorten its lifespan and lead to a more error prone production system.



4.2. Energy and water cycles for the modeling assumptions

Figure 7 shows the demand and the supply, respectively, of electricity flows (upper panel) and the water flows (lower panel) for a representative period of the year, between hours 2,000 and 2,500. The smart microgrid optimizes the irrigation timing around the availability of solar energy and adapts to varying weather conditions. This leads to an irrigation schedule where the amount of irrigated water is proportional to the solar availability with a refill of water storage capacities at the peak generation potential. This irrigation method allows for smaller investments into batteries, which are almost exclusively used to satisfy the residual electricity demand in the night.

Looking at the lower panel, it can be deduced that it is not optimal to have days without any irrigation, as long as there is an infeed of electricity by the installed pv-system. Also, refilling the water basin and irrigating at the same time is avoided by the model and keeping those activities separate is preferred. However, the model does assume no setup time in between irrigation at crops and refilling the water basin.7 Another interesting observation are small battery discharging activities in the evening, on days where the water storage gets refilled. In those days it is optimal to prolong the pumping activities with the use of a battery for an additional hour in the night. However, the amount of water that is being pumped in these time steps is small; no generalization can be made, whether it is best to use this additional hour for irrigation or to use it for refilling the basin.



4.3. Integration renewable energy into this agriculture

Renewable energy, like solar panels, offers clean and reliable power for agriculture. It reduces reliance on fossil fuels, providing sustainable and cost-effective energy for farmers. This integration enhances productivity by powering irrigation systems, machinery, and other farm activities. Solar-powered pumps and drip irrigation optimize water usage, minimize costs, and improve water management, leading to more efficient agriculture. Farmers can install renewable energy systems on their land, meeting their energy needs and potentially selling surplus energy for additional income.




5. Conclusions and further research

The efficient use of renewable energies is an important element of a sustainable energy-water-food nexus, in the Maghreb region and elsewhere. In this paper, we have provided a framework to analyze the water-energy-food nexus, and to compare capacity choices for an individual farm. We have also explained the case study chosen, i.e., a farm in Morocco, which currently still uses significant amounts of fossil fuels.

The stylized model calculations provide a comparison between different investment options to increase the use of renewable energy. We combine a model of crop water requirements (CropWat) with an energy system model (AnyMOD) to obtain patterns of electricity and water supply and demand. The model shows that the use of a smart microgrid allows the least-cost investments in Solar PV and battery storage, because it optimizes the use of solar radiation when it occurs. Other scenarios lead to higher costs. Thus, the change from a fossil-based energy-water-food nexus to a renewable energy supply is facilitated.

As always, the model is a stylized representation of reality, and can be developed and refined in various directions. For example, the combination of the water model and the energy model includes no friction losses, evaporation, and other technical details. The optimization does not take into account the costs of installing the microgrid itself. Labor input is not explicitly modeled but relies on simplifying assumptions. Further research is planned to extend the models, and to provide an even more insightful analysis of the potential role of water management and of renewable energies in the energy-water-food nexus.
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Footnotes

1https://www.cerefe.gov.dz/wp-content/uploads/2022/02/Rapport_CEREFE_TE-2020-4.pdf (accessed October 14, 2022).

2This paper results from the international research project MG Farm (“Smart microgrids as an approach to electrification in agriculture”), co-financed by the Federal Ministry of Education and Research (BMBF). We thank participants of the Swarm research seminar on SDG7-economics, in particular Georg Heinemann, for comments and suggestions. The usual disclaimer applies.

3“When the lines between ‘supply’ and ‘demand’ blur, the energy operator does much more than sell final energy, it mainly provides services and optimizes the use of available energy resources” (Vezzoli et al., 2018).

4La Région de Marrakech-Safi, Monographie Générale, Ministère de l'Intérieur, Direction Générale des Collectivités Locales, 63 pages, 2015.

5This assumption was implemented to represent the availability of manual labor on a farm, that does not have the necessary infrastructure to supply varying amounts of water to different fields and has to manually irrigate one field after another.

6Note that for the Irr9-5 scenario we have assumed that the farmer is not able to irrigate different crops at the same time, contrary to the scenario of the previously discussed irrigation method and the microgrid.

7This would lead to the need of binary variables, which would increase the computation time of the model drastically.
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