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of magnitude for given PE). Other variables have been
used to explain this variability, e.g. level of treatment,
climate, inflow dilution, equipment age and efficiency,
under/oversize of the plant (Longo et al 2018, Moli-
nos-Senante et al 2018). However, with the exception
of climate, potential explanatory variables are often
known only in few cases, hence their use to describe
unit energy use across a large region is difficult. Very
often, also non-measurable (e.g. the training level of
plant operators) or changing variables (e.g. financial
constraints) contribute to WWT energy efficiency,
leaving de facto unexplained the residual variability
across the trend.

Once properly acknowledged, the residual varia-
bility can be harnessed to infer the probability dis-
tribution of the unit energy use conditional to a given
load (PE), enabling a quantitative estimate of the over-
all consumption as a function of the plant’s PE, and
the associated uncertainty. We represent this prob-
ability distribution through quantile curves. This
representation is commonly used in other disciplines
where the ‘natural’ variability of a variable is relevant
and cannot be ascribed to other predictable factors
(for example the children growth charts, WHO 2006).
In the present exercise, in order to describe the bivari-
ate distribution of plant load and unit energy use, we
adopted a copula regression approach (e.g. Bouyé and
Salmon 2009) where the marginal distributions are
represented with a 3-parameter log-normal model

(Hosking andWallis 1997) and their correlation struc-
ture through a Frank’s copula (e.g. Nelsen 2006).

The chart of modelled quantile curves is shown
superimposed to the data points of the reference data-
set in figure 1; it must be mentioned that the condi-
tional distribution of the unit energy use is positively
skewed and its average curve lies between the 60th and
70th percentile. Table 1 reports model equations and
parameters that we calibrated (further details can be
found in the supplementary material). For a known
plant consumption the chart can be used as a diagnost-
ic tool by calculating the corresponding energy-per-
centile (table 1, column ‘a’). Otherwise, the chart can
be used like a regression to compute the conditional
average value for a given load and its associated uncer-
tainty (table 1, column ‘b’); however, as the average
value has no analytical form, it needs to be computed
numerically.

Themodel appears consistent with local surveys in
Germany (DWA 2016), Austria (Haslinger et al 2016,
Lindtner 2017) and Italy (Vaccari et al 2018) whose
ranges are also shown in figure 1 (coloured boxes).
Although the three surveys suggest the distribution
may not be the same in these three countries, a more
general comparison is not possible due to the lack of
systematic surveys in many European areas. Indeed,
the quantile-lines fit well the overall range of boxplots,
thus suggesting the model is suitable for estimation at
the European scale where the same level of treatment is
taking place.

Figure 1.Reference chart ofWWTPunit electricity consumption as a function of served PE. Circles represent the single-plant data of
the reference dataset while the conditional average (black curve) and the conditional quantiles (from10% to 90%, red curves) are
obtainedwith the copula regressionmodel of table 1. Coloured boxes represent aggregated data from literature used for comparison
(top limit is the 75-percentile, bottom limit is the 25-percentile, solid line is themedian).
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In this study, we assume T to coincide with the length of the time series of PV producibility. Clean water 
production is scheduled following a modular pattern, where during each month QF is constant and proportional 
to the average value of PPV for that month calculated over the whole time series of w(t), and we impose a yearly 
average of QF = 2 m3d−1 (i.e., QP = 1 m3d−1) in order to obtain results referred to a unit production capacity. Under 
the assumed modular scheduling, we checked that maximum water production is typically about 2 times the 
minimum production rate (with values ranging from about 1.25 to 4). !is suggests the adopted design to be a 
good compromise between a plant with fully variable RO operation on direct gear with PV power generation, and 
a plant with constant production over time (which would require a much larger energy storage than the modular 
scheduling).

For what concerns energy storage, we consider two possibilities: (1) energy is only exchanged with the power 
grid, which provides electricity when PV production is not su"cient and receives the electricity produced by the 
PV plant when this exceeds the RO plant requirements; (2) part of the energy produced by the PV plant in excess 
of RO plant requirements is stored in a battery at the plant. Depending on the combination of hydraulic (single 
pump or reservoir + booster pump) and energy storage con#gurations, we have 4 possible layouts (“A”, “B”, “C”, 
“D”) of a combined PV-RO plant, as schematically illustrated in Fig. 1.

Under layouts “C” and “D” (reservoir + booster pump with grid exchange only or with battery) the reservoir 
is assumed to never be completely empty, so that it can always provide the required %ow rate at pressure ΠRES 
(see SI, for more details). Moreover, the energy required to pump %ow rate QRES into the reservoir is assumed 
to be provided only by direct PV power, so that grid and battery are never used to increase water storage. When 
enough PV power is available, it is #rst used for the single pump (under layouts “A” and “B”) or the booster pump 
(under layouts “C” and “D”). PV power in excess of the requirements of these pumps is allocated according to 
these hierarchical rules:

t� under layout “A”, power in excess of the single pump is integrally fed to the grid;
t� under layout “B” the battery is #rst charged with a limit on recharge power (corresponding to power used by 

the single pump or booster pump during maximum production), and any residual power is integrally fed to 
the grid;

Figure 1. Layouts of PV-RO desalination plant used for simulation: (A) only grid to store energy; (B) grid + battery; 
(C) grid + reservoir; (D) grid + battery + reservoir. Q are %ow rates and Π water pressure values at di&erent points of 
the plant. ERD indicates the energy recovery device.

Water resources, desalination and water 
infrastructures
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