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GROWING POPULATION INCREASES WATER-ENERGY-FOOD 
DEMANDS

Source: Gerland et al. (2014)

probability that world population in 2100 will be
between 9.0 and 13.2 billion people. The proj-
ections also provide updated answers to long-
standing questions about population change. Lutz
et al. (14) gave an 85% probability that world pop-
ulation growth would end in the 21st century, but
our probabilistic projection indicates that this prob-
ability is much lower, at only 30%. Lutz et al. (15)
considered a doubling of world population from
1997 to 2100 to be unlikely, with a probability of
one-third. We found a similar but slightly lower
probability of 25%. The probabilistic intervals were
much narrower than those between the traditional
high and low scenarios, which seem to overstate
uncertainty about future world population.
Figure 1B shows the projections of total pop-

ulation for each continent to the end of the cen-
tury. Asiawill probably remain themost populous
continent, although its population is likely to peak
around the middle of the century and then de-
cline. Themain reason for the increase in the proj-
ection of the world population is an increase in
the projected population of Africa. The continent’s
current population of about 1 billion people is
projected to rise to between 3.1 and 5.7 billion
with probability 95% by the end of the century,
with a median projection of 4.2 billion. Although
this estimate is large, it does not imply unprece-
dented population density: Under this projection,
Africa’s population density would be roughly equal
to that of China today.
The increase in the projected population of

Africa is due to persistent high levels of fertility
and the recent slowdown in the rate of fertility
decline (16). Three-quarters of this anticipated
growth is attributable to fertility levels above the
replacement level, and the remaining quarter is
due to mortality reduction and current youthful
age structure (17). Since 1950, fertility has de-
clined rapidly in Asia and Latin America and has
also started to decline in Africa. Demographers
had projected that fertility in African countries
would decline at a rate similar to what has been
observed in Asia and Latin America.
However, although fertility has been declining

in Africa over the past decade, it has been doing
so at only about one-quarter of the rate at which it
declined in Asia and Latin America in the 1970s,
when these regions were at a comparable stage of
the fertility transition (16). Indeed, in someAfrican
countries, the decline seems to have stalled (18).
Bongaarts and Casterline (16) suggest two

reasons for the slower fertility decline in sub-
Saharan Africa. First, they note that despite
declines in fertility desires in Africa, the most
recent levels of ideal family size are still high,
with a median of 4.6 children per woman.
This is in line with prevailing family norms
(19) and the fact that the TFR before fertility
started to decline was higher in Africa (6.5) than
in the other regions (5.8) (20, 21). Second, the
unmet need for contraception (the difference
between the demand for contraception and its
use) has remained substantial at ~25%, with no
systematic decline over the past 20 years (22).
A stall in the decline in the past decade is ap-

parent from the past and projected levels of TFR
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Fig. 1. World and
continental population
projections. (A) UN 2012
world population
projection (solid red line),
with 80% PI (dark shaded
area), 95% PI (light
shaded area), and the
traditional UN high
and low variants (dashed
blue lines). (B) UN 2012
population projections by
continent. In both panels,
the vertical dashed line
denotes 2012.

Fig. 2. TFR and population
projections for Nigeria.
UN 2012 projection of (A)
TFR and (B) total popula-
tion for Nigeria (solid red
lines), with 80% PI (dark
shaded areas), 95% PI
(light shaded areas), and
traditional UN high and low
variants (dashed blue lines).
In both panels, the vertical
dashed line denotes 2012.
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DAMS ARE OFTEN USED TO SUPPORT ECONOMIC 
DEVELOPMENT

Source: Sterl et al. (2022)



WHICH DAM TO BUILD? WHEN? AND HOW TO 
OPERATE THE SYSTEM?
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THE ZAMBEZI WATERCOURSE
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HOW TO OPTIMIZE DAM SEQUENCING & 
OPERATION

Two-part optimization of reservoir network expansion sequencing and operations
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HOW TO OPTIMIZE DAM SEQUENCING & 
OPERATION

Sequencing problem: 

if t > T: 
build DAMi 

…

Two-part optimization of reservoir network expansion sequencing and operations
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OPTIMAL PATHWAYS OF DAM EXPANSION
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OPERATING POLICY SELECTION MAY DISTORT 
TRADEOFFS PERCEPTION IN DAM PLANNING

Three selected policies differ in 
HP less than 0.01 TWh/y



ROBUSTNESS VIA COMPROMISE OPERATIONS
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ROBUSTNESS VIA COMPROMISE OPERATIONS

Shaded bands show the full range of 
performance re-evaluated under a 450-
member synthetic hydrology ensemble  



TAKEAWAYS



TAKEAWAYS

• Operating policies eclipse reservoir sequencing in balancing conflicting objectives 



TAKEAWAYS

• Operating policies eclipse reservoir sequencing in balancing conflicting objectives 

• System performance is more sensitive to operational tradeoffs than climate change



TAKEAWAYS

• Operating policies eclipse reservoir sequencing in balancing conflicting objectives 

• System performance is more sensitive to operational tradeoffs than climate change

• Integrating operations into dam planning becomes crucial for addressing 
multisector tradeoffs



TAKEAWAYS

• Operating policies eclipse reservoir sequencing in balancing conflicting objectives 

• System performance is more sensitive to operational tradeoffs than climate change

• Integrating operations into dam planning becomes crucial for addressing 
multisector tradeoffs
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HP PRODUCTION TARGETS
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Figure S1. Projected hydropower production targets for existing and candidate ZRB

reservoirs under the nominal future scenario.

January 25, 2023, 10:27am

Osemosys TEMBA 
model for SAPP 
using projected 
energy demand 
(based on 
population)



PROJECTED IRRIGATION DEMANDS
: X - 15

Figure S2. Projected irrigation demands for all irrigation districts under the nominal

future scenario.

January 25, 2023, 10:27am

AQUACROP 
simulation under 
RCP45 and 
considering 
planned irrigation 
expansions



PROJECTED FLOWS
X - 16 :

Figure S3. Historical observed (1986-2005) and future modeled (2020-2060) streamflow

for the four major catchments. Plots in the first column show the average cyclostationary

inflows where shaded bands indicate the 5th-95th percentile of monthly inflows for each

period. Plots in the second column show annual inflows over the future modeled period

with the historical and future period averages as dashed lines. The plot in the third

column shows the empirical cumulative distribution of total basin monthly inflows for the

historical and future periods.

January 25, 2023, 10:27am



SYNTHETIC FLOW

1. multimodel, multi-RCP ensemble 
2. trend identification and removal 
3. 50 synthetic realisations (40Y 
each) via Cholesky decomposition 
4. trend addition to synthetic 
trajectories

: X - 17

Figure S4. For each streamflow location — ”GRE” = Great East (Luangwa river),

”IT” = Itezhi-Tezhi (Kafue river), ”VF” = Victoria Falls (Zambezi river), and ”SHIRE” =

Shire river — this plot shows the average annual streamflow and annual trend (normalized

to the average annual streamflow) for each model-RCP combination as emboldened larger

symbols and the corresponding synthetic ensemble of each model-RCP combination as

lighter, smaller symbols.

January 25, 2023, 10:27am


