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Abstract: Groundwater development is the most likely way to meet growing global water demand but needs careful management. 9 

To help inform the sustainable development of groundwater resources, we develop a novel indicator based on the maximum 10 

installable power for water pumping systems and apply it to Africa. Here, we first map a maximum annual pumpable volume across 11 

Africa with a 0.2-degree resolution, considering available aquifer recharge and storage. Using a water pumping system model, the 12 

maximum power that can be installed per km2 without exceeding the maximum annual pumpable volume is conservatively 13 

computed. Constrained by recharge (considering 25% of the annual recharge), the maximum installable power ranges between 0 14 

and 5000 W/km2 across Africa with regions such as the Congo Basin (~198 W/km2), and western Africa between the Ivory Coast 15 

and Nigeria (~136 W/km2) identified as having high potential for sustainable pumping system development. Constrained by storage 16 

(considering 0.1% of storage), it ranges between 0 and 6800 W/km2 highlighting the ability to deplete storage for pumping system 17 

development in the large aquifers northern Sahara (~3800 W/km2). These findings provide a novel and adaptable way to examine 18 

water security, which can assist institutions in targeting investments to meet water demand sustainably. 19 
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Main  20 

Water consumption for human uses is projected to increase in Africa1, notably due to the high population growth which is expected 21 

to occur in this continent by 20502. Water demand will be driven by increases in domestic water consumption, industry3, and 22 

irrigation for food production4 especially in Sub-Saharan Africa where only 5% of cultivable land is currently irrigated5. To respond 23 

to this future water demand, groundwater represents the main store of freshwater in Africa6. Furthermore, contrary to surface water, 24 

groundwater often does not require treatment7 and is also less vulnerable to weather conditions, acting therefore as a natural buffer 25 

against climate unpredictability8–11. However, groundwater over abstraction can have severe consequences, such as reducing 26 

baseflow to rivers12, drying out shallow wells13, increasing pollution14,15 or even sea level rise16,17. 27 

Hence, further development of groundwater must be sustainable. The Sustainable Development Goal 12 (Ensure sustainable 28 

consumption and production patterns) calls for a better management and use of natural resources18. Quantitative indicators to 29 

measure sustainability for groundwater are thus needed. Decline of groundwater level, measured locally in wells19,20 or computed 30 

at the basin scale by gravity measurements21, is an example of an indicator used to quantify groundwater over extraction. However, 31 

this type of indicator shows where problems have already arisen and therefore does not provide information to help prevent it. 32 

Another way to measure sustainability for groundwater resources is to compare the groundwater demand with the groundwater 33 

availability22–25. Nevertheless, references 22 and 23 did not map their results and only considered near-surface groundwater. 34 

Reference 24 mapped an estimation of the unsustainable use of groundwater thanks to the water balance between the aquifer recharge 35 

and the abstraction and reference 25 also considered the necessary groundwater contribution to environmental streamflow. However, 36 

both used simulated data from 1958 to 2000 for the recharge with a 0.5-degree resolution, while more recent observational data 37 

have been established26. Finally, a simple indicator is provided by the Sustainable Development Goal 6 (Ensure availability and 38 

sustainable management of water and sanitation for all) which calls for the water withdrawal to be lower than 25% of the annual 39 

renewability 27. Nonetheless, this indicator, and to our best knowledge, every existing indicator to measure sustainability for 40 

groundwater, are referring to a maximum pumpable groundwater volume not to exceed12,19–25 which are data hard to measure and 41 

control by governments, local authorities, etc28–30. An indicator to measure sustainability for the groundwater resources based on 42 

the installed power of water pumping systems (WPSs) would be easier to control as shown by agricultural censuses31,32, more 43 

specifically for photovoltaic WPSs33,34. In addition, an indicator based on the installed power of WPSs would represent an indicator 44 

more convertible into an economic value for a project manager than a maximum pumpable volume thanks to economic models of 45 

photovoltaic WPSs35,36 or diesel WPSs37 that link the power of the system to its economic value. 46 

Consequently, the novel contribution of this work is the development of a new indicator to measure sustainability for groundwater 47 

based on the maximum power that can be installed for WPSs over a unit area. Thanks to this type of indicator, any government, 48 

local authority, project owner, etc. will know that if the sum of the installed power of all the WPSs in a given area overshoots a 49 

given value, there is a risk of over extraction. In this article, we apply this indicator to the African continent. The first objective is 50 

to map a maximum annual volume that can be pumped at each location across Africa according to criteria of sustainability or 51 

practicality. This maximum annual pumpable volume at a location is estimated through high-resolution and up-to-date groundwater 52 

recharge and storage data at the continental scale with a 0.2-degree resolution (see ‘Estimation of the maximum annual pumpable 53 

volume’ in the Methods Section). In the whole article, this maximum annual pumpable volume is normalized by unit of surface (i.e., 54 

the results are shown with dimensions of length/time, such as m3/m2/year). The second objective is to map the maximum installable 55 

power (MIP) for WPSs at each location across Africa, defined as the sum of the power of every WPS that can be installed in a 1 km2 56 

area at this location not to overshoot the maximum annual pumpable volume. To estimate the MIP, we develop a WPS model, based 57 

on a generic WPS architecture (see Box 1), which estimates, for each location of Africa with a 0.2-degree resolution, the volume 58 

annually pumpable by a WPS of installed power ��. In this article, �� is equal to 100 W (see ‘Estimation of the maximum installable 59 

power‘ in the Methods Section). To do so, the model dynamically simulates the evolution of the pumped flow rate in the borehole 60 

with a 2-min time step, whether the aquifer is confined or unconfined (see ‘Estimation of the maximum installable power‘ in the 61 

Methods Section). We also provide a method to estimate the maximum remaining power that can be installed for new WPSs by 62 

considering the current groundwater withdrawal.  63 
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In the core of the article, we only consider immersed water pumping systems (WPSs) (motor-pump or hand-pump). A scenario 
that considers surface water pumping systems is also provided in the Supplemental note 1. The pump can be supplied by 
different energy sources: photovoltaic modules, diesel generator, wind turbines, manpower or can be connected to the main 
electricity grid. The considered WPS architecture is presented in Figure 1. In the case of a motor-pump, control equipment is 
installed between the energy source and the motor-pump and/or integrated to the motor-pump set in the borehole38,39. This 
equipment allows the motor-pump to stop and prevents it from running dry35. It also allows the motor-pump to operate at its 
best operating points38. 

Figure 1 also shows the layout of a borehole. �� is the borehole radius and ��,�  is the static water level, which corresponds to 

the water depth in the borehole when there is no pumping. ���  is the saturated thickness of the aquifer, ��,� is the borehole 

depth and �	
 is the pump depth. When pumping starts, a drawdown ��,� is formed in the borehole (see Figure 1). The higher 

the pumped flow rate, the higher the drawdown ��,�, and therefore the deeper the water in the borehole �� . If ��  reaches the 

position of the pump �	
, the pump remains shut down during a period Δ���
� (see Supplementary Figure 3) after which it 

attempts to restart. It is done automatically in the case of a motor-pump and by hand in the case of a hand-pump35,40. All the 
dimensions in Figure 1 are defined as positive. 

 
Figure 1 – Considered generic water pumping system architecture 

Box 1 - Water pumping system description, architecture and operation 64 

To fulfil these objectives, input location-dependent data and WPS design parameters are required. They are listed respectively in 65 

Table 1 and in Table 2. To ensure the conservativity of our results, the choice of both input location-dependent data and design 66 

parameters values relies on conservative assumptions (see ‘Conservative assumptions and choice of the design parameters’ in the 67 

Methods Section). In Table 2, we present the design parameters values chosen for this article. In Figure 2, we plot the values for the 68 

groundwater recharge �, the aquifer transmissivity �, the saturated thickness ��� , the static water level ��,�, the groundwater 69 

storage � and the water withdrawal for domestic use in 2010 that we use for the rest of the article. 70 
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Data Symbol Description 
Spatial 

resolution 

Temporal resolution 

and coverage 

Year of 

release 
Provider 

Aquifer recharge 
(m/year) 

� 

Groundwater recharge refers to the 
hydrological process by which water 
flows from surface water sources and 
infiltrates into the groundwater system 

0.2° 

One value for each 
location 

2021 

British Geological 
Survey6,26,40,41 

Aquifer 
transmissivity 

(m2/s) 
� 

Rate at which groundwater flows 
horizontally through an aquifer 

One range of variation 
for each location 

2012 

Aquifer saturated 
thickness (m) 

��� 

Vertical thickness of the 
hydrogeologically designated aquifer 
layer where the pores are filled with 

water 

Static water level 
(m) 

��,� 
Water level in the borehole when no 

pumping is occurring 

Groundwater 
storage (m) 

� 
Groundwater storage in the aquifer 

defined as a water depth 
0.05° 

Water withdrawal 
(mm/month) 

− 
Water withdrawal for domestic use, 

mining, generating electricity, 
manufacturing, livestock and irrigation 

0.5° 
Data available for 

each month between 
1970 and 2010 

2018 Huang et al.42 

Table 1 - Input location-dependent data 71 

ejwh
Highlight
location-dependent input data



5 

 

  

  

 
Figure 2 - Representation of selected input location-dependent data: (a) groundwater recharge R, (b) aquifer transmissivity T, (c) aquifer 72 

saturated thickness ���, (d) static water level ��,�, (e) groundwater storage � and (f) water withdrawal for domestic use in 2010 73 
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Table 2 - Considered values of the design parameters 74 

Results  75 

In the following, every result is shown either by considering that the percentage of the annual recharge that we accept to pump is 76 �� = 25%27 and the percentage of the groundwater storage that we accept to pump each year is α� = 0 %/year or by considering 77 

that �� = 0%  and �� = 0.1 %/year. These values are debatable53 and subject to political decisions, however the first falls from the 78 

sustainable development goals, and the second is a pragmatic indicator for mining groundwater storage used by others54. We provide 79 

an HTML link in the Supplementary information accessible through a downloadable .zip file allowing to show the same results by 80 

considering other values of �� and ��.  81 

Estimation of the maximum annual pumpable volume. Figure 3 shows estimates of the maximum annual pumpable volume 82 ����  (m3/m2/year) shown as a depth of water, when �� = 25% and �� = 0 %/year (Figure 3a) and when �� = 0% and 83 �� = 0.1 %/year (Figure 3b). The mean value of the maximum annual pumpable volume ���� across Africa considering Figure 3a 84 

is ~10-2 m3/m2/year while the one considering Figure 3b is ~2⋅10-2 m3/m2/year. Both Figures highlight the spatial heterogeneity of 85 

the resource. We notably see on Figure 3a that ����  is lower in the Sahara than in western sub-Saharan Africa. This is due to the 86 

higher recharge in western sub-Saharan Africa than in the Sahara (see Figure 2a). On the opposite, we see on Figure 3b that ����  is 87 

lower in western sub-Saharan Africa than in the Sahara. This is due to the higher storage in the Sahara than in western sub-Saharan 88 

Africa (see Figure 2e).   89 

Design parameter Symbol Value considered 

Input power of the pump (W) �� 100 W40 

Pump efficiency (-) !	
  0.743–46 

Minimum shutdown time of the pump before 
attempting to restart (min) 

Δ���
� 30 min35 

Borehole radius (m) �� 0.3 m40 

Borehole losses coefficient (s2/m5) " 5⋅104 s2/m5 47,48 

Pump depth (m) �	
 

In order to minimize the risk of frequent pump stoppages due to the drawdown 
reaching the pump, while leaving a margin to prevent sand at the bottom of the 
borehole from entering the pump, the pump is positioned 10 m above the borehole 
bottom49. 

Borehole depth (m) ��,� 

If the saturated thickness is equal to 25 m, the borehole depth is set to ��,� +��� + 10 and the pump is thus at the bottom of the saturated thickness in this 
case40. 

For saturated thicknesses larger or equal to 100 m, the borehole depth is set to ��,� + 60 m40.  This enables significant intersection of the saturated thickness 

while avoiding excessive drilling costs50. 

Linear pipes losses coefficient (s2/m6) % 
4.7 s2/m6 36 obtained by considering a pipe of diameter &	 of 0.15 m51 and of 

roughness ' of 052 (see reference 40). 

Junction losses coefficient (s2/m5) ( 
209 s2/m5 36 which corresponds to one 90° regular threaded elbow for a pipe of 
diameter &	 of 0.15 m40. 

Pipes length (m) )	 )	 is taken equal to the pump depth. 

ejwh
Highlight

ejwh
Highlight

ejwh
Highlight

ejwh
Highlight

ejwh
Highlight
lower case




7 

 

  

Figure 3 - Maximum annual pumpable volume ���� (m3/m2/year) shown as an equivalent  water depth when (a) the percentage of the annual 90 
recharge that we accept to pump is �� = 25% and the percentage of the groundwater storage that we accept to pump each year is �� = 91 

0 %/year and when (b) �� = 0%  and �� = 0.1 %/year 92 

Supplementary Figure 4 shows the total water withdrawal in 2010 and Supplementary Figure 5 shows the same results as Figure 3 93 

for the maximum annual volume that can still be pumped ����* , which accounts for the total water withdrawal in 2010 (see 94 

‘Estimation of the maximum annual pumpable volume’ in the Methods Section). Locations where ����* + 10,- m3/m2/year are 95 

locations where groundwater is already over abstracted. 22% of the locations are already over abstracting groundwater when �� = 96 

25% and �� = 0 %/year, especially in northern and eastern Africa. 22% of the locations are also over abstracting groundwater 97 

when �� = 0% and �� = 0.1 %/year but the regions where the groundwater is overexploited are different. The main differences 98 

occur in the northern Sahara where the storage is the highest while the recharge is very low and in the western sub-Saharan Africa 99 

where the storage is lower and the recharge higher (see Figures 2a and 2e). However, it is important to keep in mind that, as a very 100 

conservative assumption, we consider that all the water withdrawal across Africa comes from groundwater resources (see 101 

‘Estimation of the maximum annual pumpable volume’ in the Methods Section). 102 

Estimation of the maximum installable power. Figure 4 shows conservative values for the maximum installable power (MIP) 103 

when �� = 25% and �� = 0 %/year (Figure 4a) and when �� = 0% and �� = 0.1 %/year (Figure 4b). We see on Figure 4a that the 104 

MIP is lower in the Sahara than in sub-Saharan Africa where regions like the Congo Basin and the region between the Ivory Coast 105 

and Nigeria have a high potential in terms of sustainable water pumping systems development (~198 W/km2 and ~136 W/km2 106 

respectively). This is due to the higher value of ���� in sub-Saharan Africa than in the Sahara when ����  is a portion of the 107 

recharge (see Figure 3a). On the opposite, we see on Figure 4b that the MIP is lower in sub-Saharan Africa than in the Sahara 108 

notably with the northern Sahara region which has a significant potential in terms of water pumping systems development 109 

(~3800 W/km2). This is due to the higher value of ���� in the Sahara than in sub-Saharan Africa when ����  is a portion of the 110 

storage (see Figure 3b).  111 

The MIP values can be compared to typical pump sizes. As an approximation, we can estimate that the installed power of a hand-112 

pump is ~100 W55, the typical installed power for a motor-pump for domestic use is ~1000 W40 and the typical one for a motor-113 

pump for irrigation is ~3000 W40. On the one hand, the mean value of the MIP across Africa regarding Figure 4a is ~65 W/km2. It 114 

means that the average of the maximum number of systems per 100 km2 area across Africa, only considering the recharge, is ~65 115 

hand-pumps or ~6 motor-pumps for domestic use or ~2 motor-pumps for agricultural use. On the other hand, the mean value of the 116 

MIP across Africa regarding Figure 4b is ~1000 W/km2. It means that the average of the maximum number of systems per 100 km2 117 

area, only considering the groundwater storage, is ~1000 hand-pumps or ~100 motor-pumps for domestic use or ~33 motor-pumps 118 

for agricultural use. At a specific location, it is also possible to compare the MIP value to installed capacities, when such information 119 

is available. For instance, on Figure 4a, the location at 10.6° (lat) & 36.75° (lon), which corresponds to a location in the division of 120 

Bure in Ethiopia, has a MIP of ~150 W/km2. This means that in a 100 km2 area at this location, we can install ~150 hand pumps 121 

or ~15 motor-pumps for domestic use or ~5 motor-pumps for agricultural use.  As a comparison, thanks to the rural decision support 122 

tool from the Water Point Data Exchange56, we count ~38 submersible WPSs including 1 hand-pumps in the ~800 km2 Bure division, 123 

which corresponds to an average of ~0 hand pumps and ~5 submersible motor-pumps per 100 km2 area. When analysing these 124 

results, it is important to keep in mind that our results are conservative. In addition, these results depend on the chosen values for 125 �� and ��. Finally, our results are large scale analyses and local studies of the water resources and hydrogeology would be required 126 

when planning system installations. 127 



8 

 

  

Figure 4 - Maximum installable power MIP when (a) �� = 25% and �� = 0 %/year and when (b) �� = 0%  and �� = 0.1 %/year 128 

To estimate the maximum remaining installable power for new WPSs, we substitute ����  by ����*  while the rest of the method 129 

remains the same (see ‘Estimation of the maximum installable power‘ in the Methods Section). Supplementary Figure 6 shows the 130 

maximum remaining installable power for new WPSs when �� = 25% and �� = 0 %/year (Supplementary Figure 6a) and when 131 �� = 0% and �� = 0.1% (Supplementary Figure 6b). A value under 10-5 W/km2 for the maximum remaining installable power 132 

represents regions where water is already over abstracted. On the one hand, the mean value of the maximum remaining installable 133 

power for new WPSs across Africa according to Supplementary Figure 6a is ~45 W/km2. On the other hand, the mean value of the 134 

maximum remaining installable power for new WPSs across Africa according to Supplementary Figure 6b is ~950 W/km2. Results 135 

indicate that, while some regions are over abstracting, other regions like the northern Sahara, the Congo Basin and the region 136 

between the Ivory Coast and Nigeria could receive important investments for new WPSs. We also see on Supplementary Figure 6a 137 

that the main region where the groundwater resources are already over abstracted, with respect to the recharge, is in the north of 138 

Sahara because of the low recharge in this region. Regarding the Supplementary Figure 6b, we see that the main regions that are 139 

stressed, with respect to the storage, are on the outlines of sub-Saharan Africa due to the low storage and the high withdrawal in 140 

these regions. Nevertheless, these maps should be put in perspective with the conservative assumption made when considering that 141 

the total water withdrawal is equal to the total groundwater withdrawal (i.e., all the water is extracted from groundwater). Thus, 142 

field studies are very important to obtain a better estimation of the current groundwater withdrawal. 143 

Discussion 144 

Our results highlight regions with a high potential in terms of installable power for WPSs. However, to develop such systems, it is 145 

also important to consider their different operational requirements according to their usage. For instance, to ensure their proper 146 

functioning, hand pumps require an aquifer productivity ~0.1 l/s (equivalent to an aquifer transmissivity ~3.4⋅10-5 m2/s 57), small 147 

motorized pumps for domestic use require ~5 l/s (equivalent to an aquifer transmissivity ~4.3⋅10-4 m2/s 57) and motorized pumps for 148 

irrigation can require an aquifer productivity higher than 20 l/s (equivalent to an aquifer transmissivity ~5.8⋅10-3 m2/s 41)58. Thus, 149 

while hand pumps or small motorized pumps for domestic use have a high deployment potential throughout the continent, the 150 

potential for motorized pumps for irrigation is lower (see Figure 2b). As a result, even though the potential in terms of installable 151 

power for water pumping systems in relation to the recharge is high in countries like Gabon and Cameroon, this potential could 152 

unfortunately only be little used for irrigation due to the low productivity of the aquifers on which these countries rely. On the 153 

contrary, highly productive aquifers with also a high potential in terms of installable power for WPSs, such as in Central Africa or 154 

Angola, thus appear to have a high potential for the deployment of motorized WPSs for irrigation. To develop irrigated agriculture 155 

at a continental scale, more research is needed on water pumping systems for irrigation to reduce this constraint on the aquifer 156 

productivity59.  157 

Moreover, there are also economic constraints to the development of WPSs in regions where the groundwater resources are poorly 158 

accessible60. Indeed, the deeper the borehole, the more expensive the installation of the WPS58. Therefore, even if the potential in 159 

terms of installable power for WPSs in relation to storage is high in the Sahara, the high depth to the water table in this region make 160 

the access to the resource very expensive. Governments or supranational organizations could then help fund programs to deploy 161 

WPSs in such areas to help provide access to improved water for all. Regions with extreme poverty61 may be prioritized like in 162 

Niger62 or in the horn of Africa63. However, the opposite situation, areas where the groundwater resource is easily accessible while 163 

the potential in terms of installable power for WPSs is low, can also represent a challenge regarding the overexploitation of the 164 

resource (such areas can notably be identified by comparing static water level maps to Figure 4). In particular, alluvial aquifers, 165 

which are generally easily accessible from an economic point of view64, with a low potential in terms of installable power, such as 166 
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the Congo Delta Coastal Sedimentary Basin aquifer65, should be closely monitored. As it is a more easily controllable indicator, the 167 

MIP can help countries which lack of groundwater-monitoring systems60. In addition, due to rapid population growth which leads 168 

to an increase of the water need, demands for borehole permits or groundwater abstraction licences are increasing and are becoming 169 

hard to control66. Consequently, a more easily controllable indicator such as the MIP could support this kind of initiatives and 170 

licences on the installed power for WPSs could be envisaged. Such licences could for instance be controlled during agricultural 171 

censuses32. 172 

Finally, it is interesting to compare the results to the population density67, which is plotted in Figure 5.  Comparing this Figure 5 to 173 

Figure 4 allows to identify dense regions where it is also possible to largely deploy WPSs without regionally threatening 174 

groundwater resources. This is notably the case in parts of the Mediterranean coast and in West Africa. Groundwater resources are 175 

already highly exploited in northern Africa68, but for a country, such as Benin which weakly relies on groundwater68 there could be 176 

more potential for groundwater development69. We also see that parts of the continent, such as Congo Basin, the Sahara and southeast 177 

Africa have a high potential for the deployment of WPSs by using groundwater storage but a relatively low population density.  178 

Some schemes have been developed to reticulate water to neighbouring regions such as the man made river project in Libya70, 179 

however the economic and environmental benefits are challenging.  Consequently, our results also reinforce the interest for the 180 

sustainable management of transboundary aquifers. Indicators such as the MIP along with other indicators could help inform such 181 

processes71.  182 

 183 
Figure 5 - Population density67 184 

Conclusion 185 

We propose a model that uses recent publicly and freely available groundwater and water withdrawal data to provide a novel 186 

indicator to measure sustainability for groundwater based on the maximum installable power (MIP) for any location in Africa with 187 

a resolution of 0.2°. The model, which accounts for the different components of the water pumping system (WPS), notably simulates 188 

dynamically the evolution of the pumped flow rate and of the drawdown with a 2-min time step, whether the aquifer is confined or 189 

unconfined. Results indicate a strong spatial variability of the MIP. Results show that, when the groundwater extraction threshold 190 

is defined by the recharge, the Congo basin and the region between the Ivory Coast and Nigeria have a high potential for WPSs 191 

while.  When examining groundwater mining from storage, the aquifers beneath the Sahara are highlighted. When considering the 192 

current water withdrawal as a proxy for the current groundwater withdrawal, when the groundwater extraction threshold is equal 193 

25% of the recharge and 0 %/year of the storage, we find that 22% of the locations could already be over abstracting groundwater, 194 

especially in northern and eastern Africa. When the groundwater extraction threshold is equal to 0% of the recharge and 0.1 %/year 195 

of the storage, 22% of the locations are also stressed but at different locations, with a particular difference in the Sahara because of 196 

its large groundwater storage and low recharge. 197 

The limitations of our study are those intrinsic to approaches consisting of evaluating a model to an extensive spatial scale (an entire 198 

continent). The groundwater input data have themselves been estimated, concealing the specificity of local resources. Furthermore, 199 

since we rely on data available for the entire African continent, our proposed WPS model is less precise compared to a WPS model 200 

where we can directly access and measure all site characteristics (e.g., through pumping tests). Consequently, it is important to view 201 

the results of this large-scale analysis as an original overview over the continent and as a complement to local analyses that are 202 

inherently more accurate. 203 

Despite these limitations, this study gives a conservative estimate of the MIP for WPSs for any location across Africa (without the 204 

need to collect additional data). The MIP can be a useful tool for water sector practitioners (e.g. local companies, non-governmental 205 

organizations) to use in combination with more traditional indicators. Our results also help to identify regions where local studies 206 
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on the actual groundwater withdrawal are strongly required before installing new systems in order to ensure the sustainable use of 207 

groundwater resources. They also highlight areas where supranational organizations could help fund groundwater deployment 208 

programs to improve access to water and area where groundwater resources should be very closely monitored when new WPSs are 209 

deployed. Finally, by comparing the MIP to the population density, they also help identify regions where the groundwater resources 210 

can be sustainably abstracted to meet the water demand of dense neighbouring populations, where the potential for sustainable 211 

abstraction may be lower.  212 

Methods 213 

Estimation of the maximum annual pumpable volume. At a given location, we define the maximum annual pumpable volume, 214 

normalized by unit of surface, as:  215 ���� = �� ⋅ � + �� ⋅ �  (1) 

where �� and �� are respectively the percentage of the groundwater recharge that we accept to pump and the percentage of the 216 

groundwater storage that we accept to pump per year. 217 

To estimate the annual volume that can still be pumped, data on the current groundwater withdrawal are needed. Huang et al.42 218 

estimate the water withdrawal worldwide with a high resolution thanks to public datasets from different sectors for the last 40 years 219 

with a time step of one month. Huang et al.42 provide data on water withdrawal for domestic use, mining, generating electricity, 220 

manufacturing, livestock and irrigation. Huang et al.42 provide 4 different estimations of the water withdrawal for irrigation. To 221 

work conservatively, we take for each pixel the maximum value of the 4 estimates. We also suppose here that all of the water 222 

withdrawal comes from the groundwater resources which is a very conservative hypothesis25 because water is usually also 223 

withdrawn from surface water sources. However, the degree of conservativeness of this assumption varies depending on the location. 224 

We work with data from 2010 (the most recent available year) and we sum the water withdrawals from the 12 months of 2010 to 225 

have an annual estimation of the water withdrawal and to be able to compare it to the maximum annual pumpable volume. By 226 

summing the water withdrawal from every sector, we obtain an estimation of the total water withdrawal �.. at each location of 227 

Africa. Finally, we define the maximum annual volume that can still be pumped, normalized by surface unit, as: 228 ����* = �� ⋅ � + �� ⋅ � − �..  (2) 

Estimation of the maximum installable power. We define the maximum installable power (MIP) at a location as the sum of the 229 

power of every WPS that can be installed in a 1 km2 area at this location not to overshoot the maximum annual pumpable volume. 230 

To work conservatively, we consider a field of several pumps of minimum power �� because /�0�� pumps of power �� will pump 231 

more than a single pump of power /�0�� ⋅ ��72,73. This assumption is more conservative in regions where WPSs are mainly used for 232 

irrigation, which requires more powerful WPSs74. In all the article, the power of the pumps �� is taken equal to 100W. Additionally, 233 

to be conservative, we also suppose that the WPS is pumping continuously for 365 days at the constant power ��. The MIP is defined 234 

as:  235 12� = /�0�� ⋅ ��     (3) 

where /�0�� is the maximum number of WPSs that can be installed not to overshoot the maximum annual pumpable volume. It is 236 

given by: 237 

/�0�� = ���� ⋅ ��34�5	       (4) 

where ���� is the maximum annual pumpable volume, ��34� is the surface of the considered area, equal to 1 km2 in this article, and 238 5	 is the annual pumped volume by a single WPS of power ��. To estimate the maximum remaining installable power (and thus 239 

account for the current water withdrawal), ����  should be replaced by ����*  (see Equation (2)). Equation (4) implies that we neglect 240 

the possible hydrogeological interaction between neighbouring pumping systems, which is conservative because /�0�� systems 241 

which interact pump less than if they do not75. This assumption tends to be more conservative in denser areas, like in an urban area 242 

where there may be many WPSs close to each other’s. 5	 is determined from the profile of the pumped flow rate 6 during the year:  243 

5	 = 7 68�9:�; 04�3    (5) 

For a WPS, the Bernoulli theorem gives the following relation between the pumped flow rate 6, the power �� and the total dynamic 244 

head �&� : 245 

68�9 = �� ⋅ !	
< ⋅ = ⋅ �&�8�9 (6) 
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where !	
 is the pump efficiency, < the water density (equal to 1000 kg/m3) and = the gravitational acceleration (equal to 9.81 m/s2). 246 

The total dynamic head �&� is given by35: 247 �&�8�9 = ��8�9 + �	8�9 (7) 

where ��  is the water depth in the borehole and �	 is the additional head due to pressure losses in the pipe. �	 is given by76: 248 �	8�9 = �	,��8�9 + �	,�>8�9 (8) 

where �	,�� corresponds to losses that occur along the length of the pipe (often referred to as “major losses”) and �	,�>  corresponds 249 

to losses at junctions such as curvatures and elbows (often referred to as “minor losses”). �	,�� and �	,�>  are given by40,47,76: 250 �	,��8�9 = % ⋅ )	 ⋅ 6?8�9   (9) �	,�>8�9 = ( ⋅ 6?8�9  (10) 

where )	 is the pipe length, % is the linear pipe losses coefficient (see reference 40) and ( is the junction losses coefficient. The 251 

water depth in the borehole ��  is given by77:  252 ��8�9 = ��,� + ��,�8�9 (11) 

where ��,� is the static water depth and ��,� is the drawdown. The drawdown is composed of two parts:  253 ��,�8�9 = ��,�� 8�9 + ��,�� 8�9 (12) 

where ��,��  is the head loss due to borehole losses and ��,��  is the head loss due to aquifer losses. The head loss due to borehole 254 

losses ��,��  is given by48:  255 ��,�� 8�9 = " ⋅ 68�9? (13) 

where " is the borehole losses coefficient. By integrating Equations (7), (8), (9), (10), (11), (12) and (13) into Equation (6), we 256 

obtain the pumped flow rate profile 6 by solving: 257 

∀�,    A" + % ⋅ )	 + (B ⋅ 68�9C + ��,� ⋅ 68�9 + ��,�� 8�9 ⋅ 68�9 − �D ⋅ !	
< ⋅ = = 0 (14) 

The expression of ��,��  depends on whether the system is extracting water from a confined or an unconfined aquifer. Indeed, by 258 

considering that the flow rate varies (because the drawdown varies), ��,��  is given by the following expressions depending on the 259 

type of aquifer73,75:  260 

��,�,EDFG� 8�9 = 14I� 7 68J9 ⋅ K, �L⋅3MNOP8�,Q9� − J :J�
�  

(15) 

��,�,
FEDFG� 8�9 = ���
⎝⎜
⎛1 − U1 − 12I� ⋅ ��� 7 68J9 ⋅ K, �L⋅3MNOP8�,Q9� − J :J�

� ⎠⎟
⎞

 (16) 

where Equation (15) estimates the head loss due to aquifer losses if the aquifer is confined, and Equation (16) if the aquifer is 261 

unconfined. � is the aquifer transmissivity and �0 the storativity. Unfortunately, no mapped data for the aquifer storativity �0 is 262 

provided. Based on the literature, �0 is comprised between 0.1 and 0.3 for unconfined aquifers and between 10-5 and 0.005 for 263 

confined aquifers78–80. To underestimate the �&�, and thus to be conservative, we choose the maximum value of �0 in its respective 264 

ranges (i.e., 0.3 for an unconfined aquifer, and 0.005 for a confined one). Moreover, to our best knowledge, there is no data on 265 

whether major aquifers are confined or unconfined for any location across Africa. Therefore, to ensure the conservativeness of our 266 

results, we estimate both the annual pumped volume by a single WPS 5	 by considering the aquifer confined and unconfined and 267 

we finally choose the maximum volume. By integrating Equation (15) or (16) into Equation (14), we see that Equation (14) is a 268 

nonlinear equation. When considering the aquifer confined, Equation (14) is a polynomial equation and we take the only physically 269 

feasible solution of the equation. When considering the aquifer unconfined, Equation (14) is more complex and we use the Newton 270 

Raphson method. The method is initialized at each time step with a chosen value 6�. To allow the convergence of Equation (14), 271 

we choose 6� as the solution of Equation (6) when considering ��,� and ��,��  equal to 0. This yields 6� = 0.0052 m3/s. 272 

Once 68�9 is determined, we compute ��,�,EDFG/
FEDFG� 8�9 thanks to Equation (15) or (16). If the water depth in the borehole ��  is 273 

found to be deeper than the pump depth �	
, then we set 68�9 to 0 (i.e., the pump stops) for a period Δ���
�35 (see Supplementary 274 

Figure 3). After this period Δ���
�, the pump attempts to restart35.  275 
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To implement Equation (15) and Equation (16), we first considered that the flow rate varies at each one-minute time-step To reduce 276 

calculation-time, we investigated the possibility of considering a two-minute time-step instead of a one-minute time-step. Based on 277 

results of our model for 200 randomly chosen locations across Africa, this approximation leads to an overestimation of the pumped 278 

volume 5	 for all locations and an average overestimation of 1% with a maximum of 6% (which thus maintains the conservativeness 279 

of our model), while dividing the computing time by 4.2. For instance, the computing time to obtain the annual pumped volume by 280 

a single WPS in a confined aquifer 5	,EDFG   is 14 days with a two-minute time-step while it is of 59 days with a one-minute time-281 

step. Note that the computing times are obtained with the following computer server: Intel Xeon, CPU E5-2643 0, 3.40GHz, 16 282 

cores. Consequently, the calculations for the whole Africa were carried out with a two-minute time step. The obtained annual 283 

pumped volume of a single WPS in a confined aquifer 5	,EDFG , and the annual pumped volume of a single WPS in an unconfined 284 

aquifer 5	,
FEDFG are shown in Supplemental note 2.  285 

Conservative assumptions and choice of the design parameters. No exact values of the saturated thickness ��� , the transmissivity 286 �, the static water level ��,� and the groundwater storage � are provided for each location but only ranges of variation. For example, 287 

for -15.8° (lat) & 21.9° (lon), the saturated thickness is comprised between 25 and 100 m. To ensure the conservativity of our 288 

results, we want to overestimate the annual volume pumped by the WPS 5	. Consequently, we want to underestimate the drawdown 289 ��,� (see Figure 1) and the losses (see ‘Estimation of the maximum installable power’ in the Methods Section). To minimize the 290 

drawdown ��,�, we choose the minimum value of the static water level ��,� and the maximum values of the transmissivity � within 291 

their respective ranges.  To minimize the number of stops from the pump, we choose the maximum value of the saturated thickness 292 ���  within its respective range. Regarding groundwater storage �, since the conservativity of groundwater storage is set by the 293 

percentage of groundwater storage that we accept to withdraw each year ��, we choose at each pixel the mean of the range for the 294 

groundwater storage �. 295 

Regarding the design parameters, to ensure the maximum efficiency of the pump !	
 and thus the highest pumped volume 5	, we 296 

choose !	
 as the highest efficiency of all the feasible efficiencies of the different types of pumps (photovoltaic, diesel…). We 297 

consider a realistic minimum shutdown time of the pump before attempting to restart Δ���
� to limit time without pumping. We 298 

suppose a maximum realistic value for the borehole radius to minimize the drawdown73 and to allow for a maximum realistic value 299 

for the pipe diameter to limit the pipe losses76. To limit the pipe losses, we also consider a minimum realistic value for the pipe 300 

roughness, and we only consider one elbow40. The values of the design parameters chosen in this article are all summarized in 301 

Table 2. 302 

Finally, we observe in Table 1 that the location-dependent data have varying spatial resolutions. In this article, we use a spatial 303 

resolution of 0.2°. We apply this resolution of 0.2° to all datasets by nearest interpolation. Due to the lack of available information, 304 

the input groundwater data provided in Table 1 are considered to remain constant over time40. The values chosen for the location-305 

dependent data are shown in Figure 2. 306 

Data availability 307 

The data used in this study are publicly available at the following links: 308 

https://www2.bgs.ac.uk/groundwater/international/africanGroundwater/mapsDownload.html, 309 

https://www2.bgs.ac.uk/nationalgeosciencedatacentre/citedData/catalogue/45d2b71c-d413-44d4-8b4b-6190527912ff.html,  310 

https://sedac.ciesin.columbia.edu/data/set/gpw-v4-population-density-rev11,  and https://doi.org/10.5281/zenodo.897933.  311 

Code availability 312 

The code can be made available upon reasonable request from simon.meunier@centralesupelec.fr. 313 
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