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1 Component degradation

We degrade the electrical performance of the PV and PV-T collectors and the
installed batteries over their lifetime using an average degradation rate of 1.1
%/year in efficiency for PV modules [1] and manufacturer-specific degradation
values for the batteries considered.

1.1 Collector degradation

The annual PV degradation rate is expressed as a fraction of its present-
day performance per year. Hence, to determine the performance of the PV
collectors on an average day, we consider the total power that they can provide
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over their lifetime by integrating their degradation curve over each of the years
for which they provide electricity to the system:

P pv =
(
1− dpv

)
Ppv,undeg =

∫ N

0

(1− dpv)
k
dk =

(1− dpv)
N − 1

log (1− dpv)
, (1)

where P pv is the power outputted by the PV/PV-T collectors over an average
day, dpv the average electrical degradation experienced by the panels, Ppv,undeg

the power outputted by the PV/PV-T collectors over an average day with no
degradation effects considered, N the lifetime of the system in years and dpv
the annual degradation of the PV/PV-T modules taken from literature.

Little literature exists on the degradation of the electrical performance of
PV-T collectors over their lifetime as they will, in general, operate at a differ-
ent range of temperatures to standalone PV panels. Various effects, such the
peak day- and night-time temperatures that the panels are exposed to, and
the average module temperature over the collector lifetime, are little under-
stood. As such, we take the electrical degradation rate of the PV-T collectors
considered are taken to be the same as those for the PV modules.

1.2 Battery degradation

The degradation of the batteries considered is based on the total power that
has passed through them over the course of the lifetime of the plant. As we
are considering the average performance of the plant, the same load profile is
assumed for each day of the simulation. Hence, the degradation is given by

d batt =
QcNc

QmaxNL
dL, (2)

where d batt is the fractional degradation of the batteries at the end of the
simulation period or when replaced, Qc the charge which has passed through
the batteries over the course of a day, Nc the number of cycles that have been
performed over the lifetime of the plant, Qmax the maximum charge which can
be stored in the batteries, NL the number of full cycles which can be performed
before the batteries are fully degraded such that QmaxNL gives the amount of
charge which will have passed through the batteries when fully degraded, and
dL the fractional lifetime loss in the capacity of the batteries.

The average degradation rate of the batteries, d batt, which we take to be
a percentage drop in their capacity per year, is calculated as an average of the
batteries which were fully exhausted and replaced during the lifetime of the
plant, as well as those which remain at the end of the optimisation period.
Hence, the average rate is taken as 50% for all replaced batteries combined
with the average degradation of the batteries at the end of the lifetime:

dbatt =
0.5⌊dbatt⌋+ 0.5 (dbatt mod 1)

2

dbatt
, (3)
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where ⌊dbatt⌋ is the degradation of the batteries rounded down to the nearest
integer, i.e., the number of replacements which occurred in the simulation, and
dbatt mod 1 is the remainder when dbatt is divided by one, i.e., the fractional
degradation of the batteries that are most-recently installed.

This approach aims to capture the effect of the number of charge-discharge
cycles on the health of the batteries. We neglect however the temperature-
related effects as well as the impacts of deep discharges on the health of the
batteries [2]. By averaging over the weather conditions, including the solar
irradiance and ambient temperature, at each case-study location considered,
we use degradation rates based on the average throughput of the batteries,
i.e., for the average environmental conditions, at each location considered, and
thus miss the impacts of temperature extremes [3]. Further, by considering the
profile over an average day, we miss deeper discharges which occur when the
solar resource is lower.

2 Lifetime-emissions analysis

To determine the system best able to provide clean water through desalination
in line with the United Nations SDGs [4], it is necessary to quantify, not
only the costs, but also the environmental impact of these systems. For their
climate-change impact, we quantify this in terms of their embedded carbon
dioxide equivalent (CO2eq) emissions.

2.1 Embedded component emissions

Estimates for the embedded emissions arising from each of the components
used are given in Table 1. For all the embedded-emission estimates, emissions
associated with import and distribution have been neglected as manufacturing
emissions dominate the embedded emissions [5–7]. As the emissions associated
with the energy-generation system dominate those arising from MED desalina-
tion plants, with estimates between 91% and 80% for fossil-fuel driven [8] and
partially-renewable systems [9] respectively, we consider only the embedded
emissions associated with the energy-generation system. The embedded emis-
sions in the manufacture of the plant are included as a fractional uncertainty,
represented with errorbars, in the results presented.

For the m-Si PV module, we used the embedded emissions calculated by
Michael et al. [10] for a 325 Wp m-Si panel, whilst for the p-Si PV module, we
used the value obtained by Lu et al. [12] for the specific emissions embedded in
p-Si panels. For the ETCs considered, we adjusted estimates for the embedded
carbon emissions calcualted by Henein et al. [11] with parameters, such as the
number of evacuated tubes and the length of the collector, used to scale the
analysis for the ETCs considered.

For the S-T FPCs and PV-T collectors considered, we adjusted estimates
for the embedded carbon emissions calculated by Michael et al. [10], with
the area of the collectors used to scale these values. Here, we have assumed
that, as the embedded emissions of a flat-plate S-T or PV-T system scale with
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the overall area of the collectors installed, the embedded emissions of each
individual collector thus scale with its absorber area.

The specific embedded emissions for the heat pump used in the model were
taken from Moret 2017 [13]. For the specific emissions of the Li-Ion batteries
used, Philippot et al. [14] estimated the emissions to be 123 kg CO2eq/kWhel.
However, there remains uncertainty in the embedded emissions of Li-Ion bat-
teries, partially due to variations in the carbon intensity of the electricity used
at the production stage which can contribute up to 80% of the total embed-
ded emissions associated with the battery [14]. As such, this value is likely to
change significantly over time as national electricity grids decarbonise. Hence,
we use a range of values for the embedded emissions, shown as an error bar,
from 49 to 272 kg CO2eq/kWhel [14, 19].

For the heat-transfer fluid pump installed, we took the specific emissions
to be 3.54 kg CO2eq/kg, estimated by Todde et al. [7], which was scaled to
the heat-pump model considered based on the net weight of the water pump.
For the hot-water buffer tank installed, we used an exponential fit to estimates
provided by the Chartered Institution of Building Service Engineers [15] with
the weight of the particular 150 litre hot-water tank used [16].

For the embedded emissions of the solar inverters installed, a power-law fit
was fitted to estimates produced by Tschümperlin et al. [17], with the value for
a 6 kWel inverter obtained from the fit. This formed a lower-bound estimate
of the embedded emissions of 651.0 kgCO2. Constantino et al. [18] estimated
the embedded emissions for solar inverters to be 125 kgCO2/kWp which we
used to produce an upper-bound estimate of 750 kg CO2 for the inverter used.

Because the majority of emissions embedded in components are due to their
manufacturing [5, 6], as countries reduce the carbon intensity of their grids in
line with the Paris Agreement [20], the embedded emissions associated with
these components are likely to decrease. By making our model open-source
[21], we enable manufacturers and stakeholders to undertake updated analyses
as associated embedded emissions decrease.

2.2 Grid-electricity emissions

Emissions values for the energy sourced directly from the grid are given in
Table 2. By averaging over the lifetime performance of the plant, seasonal
variations in the carbon emissions associated with the grid are neglected, thus
limiting the accuracy of the emissions calculations. However, the low renewable
fractions across the case-study locations considered means that these seasonal
fluctuations in the carbon intensity of the grid are likely to be minimal: renw-
able power generation met less than 1% of electricity demand in the UAE as
of 2022 [22], 16% on Gran Canaria as of 2021 [23], and less than 8% on average
throughout Mexico [22] in 2022.

For the carbon emissions associated with grid-sourced electricity in Mexico,
state-level figures have been used [24, 25]. Whilst this disaggregation enables
separate emission analyses for the Tijuana and La Paz case-study MED plants,
by not using the most up-to-date country-level figures, recent reductions in the
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Table 2 Emissions intensity of energy sourced from the grid in each of the four
case-study locations considered. Data for Aby Dhabi, UAE, and Gando, Gran Canaria, is
from 2020. Data for Tijuana is taken from the 2014 Climate Action Plan for the state [24].
Data for La Paz is taken from the 2015 Climate Action Plan for the state [25].

Location Emissions / g CO2eq/kWhel

Abu Dhabi, UAE 461.85 [26, 27]
Gando, Gran Canaria 576.54 [28]
Tijuana, Mexico 310 [24]
La Paz, Mexico 890 [25]

carbon intensity of the grid have been neglected. However, as the modelling
methodology employed here considers the plants over their lifetime, emission
reductions of 14% since 2010 [29] are likely to be negligible compared with
emission reductions over the lifetime of the plant needed to meet Mexico’s
Nationally-Determined Contributions in-line with the Paris Agreement [20].

As there is uncertainty around the rate at which the national grid networks
will decarbonise, we take present-day values for both the embedded emissions
in components and those arising from grid-sourced electricity. This will result
in an over-estimation of the carbon intensity of both grid-driven RO as well
as the embedded emissions in any components which are replaced over the
lifetime of the plant, i.e., batteries for electrical storage and solar inverters. By
making our model open-source, we enable stakeholders and future researchers
to re-run out optimisations as up-to-date figures become available [21].

3 Sensitivity analysis results

Results of the sensitivity analyses around the cycle lifetime of the batteries
installed and the lifetime of the solar inverters are presented here. These were
carried out due to uncertainties surrounding these values [3, 30–33].

3.1 Inverter-lifetime sensitivity analysis

Results for the smallest-scale desalination plant considered [34] of the effect
of changing the lifetime of the solar inverters installed on the grid-, solar- and
storage-electricity fractions are shown in Figure 1. The results show that, for
inverter lifetimes longer than 17 years, increasing the lifetime of the inverters
installed had no further effect on the overall fractions of power installed in the
system. This is due to the 30-year horizon considered meaning that systems
where the inverters were replaced after 17 years of use are equivalent to those
where the inverters were replaced after 29 years of use, i.e., one replacement
of the inverters during the lifetime of the plant. This effect also accounts for
the step-wise changes at 9-, 7-, 5-, 3- and 1-year lifetimes as the number of
replacements changes when the lifetime is reduced beyond these points.

The data show that for Abu Dhabi in the UAE, Gando on Gran Canaria
and La Paz in Tijuana, reducing the inverter lifetime resulted, with some
fluctuations for Abu Dhabi, in a reduction in the solar-electricity fraction with
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Fig. 1 Sensitivity to inverter lifetime. Line plot of the sources of electricity used
to meet the MED desalination plant’s electrical demands against the lifetime of the solar
inverters installed for the smallest-scale desalination plant. Results are shown for a specific
technology set: STI FPC S-T collectors, D.S. 400 PV-T collectors and Sharp p-Si PV panels.
The battery cycle lifetime is fixed at 2000 cycles. Subfigures are for the four case-study
locations: a. Abu Dhabi, UAE, b. Gando, Gran Canaria, c. Tijuana, Mexico and d. La Paz,
Mexico. The data show that, for inverter lifetimes longer than 17 years, there is no change in
the electricity fractions as the lifetime of the inverters changes. For inverter lifetimes shorter
than 17 years, the optimum system displays volatility as well as a general trend that, with
decreasing inverter lifetime, the storage and grid fractions increase whilst the solar fraction
decreases. This trend is visible for Abu Dhabi, Gando and La Paz. For Tijuna, whilst there
is a decrease in the solar fraction for short inverter lifetimes, there is also increased volatility
in the storage, solar and grid fractions.

the storage- and grid-electricity fractions increasing. We attribute this to the
reduced inverter lifetime resulting in systems that have a greater dependence
on solar PV and PV-T collectors for electricity incurring greater costs over the
lifetime of the system due to the increased costs associated with replacing the
solar inverters more frequently. We attribute the fluctuations at short inverter
lifetimes in part to the changing auxiliary-heating fraction and hence changes
in the total electrical demand placed on the system which is not captured here.

The increase in the storage fraction for short inverter lifetimes suggests
that electrical storage is utilised more during the morning and evening hours
to meet demand as a more cost-effective means of providing electricity than
potentially over-sizing a solar PV or PV-T system in order to meet these
demands at the expense of dumping electricity during peak solar hours.
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3.2 Battery lifetime sensitivity analysis

Results of the effect of changing the battery cycle lifetime on the grid-, solar-
and storage-electricity fractions for the smallest-scale desalination plant con-
sidered are shown in Figure 2. The results show that, for Gando and La Paz,
there is no discernible effect visible between battery lifetimes of 100 and 3000
cycles on the electricity fractions.

Fig. 2 Sensitivity to battery cycle lifetime. Line plot of the sources of electricity used
to meet the MED desalination plant’s electrical demands against the cycle lifetime of the
lithium-ion batteries installed for the smallest-scale desalination plant. Results shown are for
a specific technology set: STI FPC S-T collectors, D.S. 400 PV-T collectors and Sharp p-Si
PV panels. The inverter lifetime is fixed at 15 years. Subfigures are for the four case-study
locations: a. Abu Dhabi, UAE, b. Gando, Gran Canaria, c. Tijuana, Mexico and d. La Paz,
Mexico. The data show that, for the most part, there is very little impact associated with
changing the cycle lifetime of the batteries, with results for Gando on Gran Canaria and La
Paz in Mexico being indistinguishable from fluctuations resulting from inherent randomness
in the optimisation process. For Abu Dhabi in the UAE and Tijuana in Mexico, the results
show distinct step changes where the battery cycle lifetime passes a threshold, around 2,300
cycles and 2,900 cycles for Abu Dhabi and Tijuana respectively, beyond which the storage
fraction significantly increases.

For Abu Dhabi and Tijuana, the data in Figure 2 exhibit step changes
in the storage-electricity fraction of 20.1% and 59.2% at around 2,300 cycles
and 2,900 cycles for Abu Dhabi and Tijuana respectively. These step changes
are likely due to a threshold being passed beyond which electrical storage,
i.e., Li-Ion batteries, become a more cost-effective way of meeting the night-
time electricity demands of the plant than using grid-sourced electricity. We
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attribute the suddenness of the step change, as opposed to a gradual transition,
as being due to the change in battery cycle lifetime resulting in a change in
the number of battery replacements that are required throughout the lifetime
of the system. As degradation rate of the batteries depends on the amount of
electricity which is passed through them, there is no correlated gradual change
as was observed when changing the inverter cycle lifetime in Figure 1.

4 Component selection results

The effect of changing the specific collector model used for the PV, PV-T and
solar-thermal collectors was explored, with the specific collector which resulted
in the overall lowest costs over the lifetime of the plant given in Table 3. The
data show that, across all four case-study locations, systems which utilised the
p-Si panel selected were associated with a lower total cost over the lifetime of
the plant compared with those utilising the m-Si panel selected.

For the medium- and largest-scale plants, the results in Table 3, also vis-
ible in the main text, demonstrate that the relatively low-thermal-efficiency,
lower-cost STI FPC and Eurotherm ETC are associated with the lowest-cost
systems. This is in constrast to the results for the smallest-scale plant, where
the relatively high-cost and high-thermal-efficiency Augusta ETC is utilised to
produce cheaper systems. We attribute this difference to the lower auxiliary-
heating fraction for the lowest-capacity plant of 15.2% resulting in a greater
reliance on the performance of S-T and PV-T collectors installed compared
with the higher auxiliary-heating fractions of 80.1% and 37.0% for the medium-
and largest-scale desalination plants respectively, where S-T and PV-T collec-
tors provide less thermally-driven heating and thus the lower-performance and
-cost collectors are associated with systems with the lowest lifetime cost.

The dependence of the lowest lifetime cost system on the PV-T panel cho-
sen is not strongly correlated with the cost of grid-sourced electricity, as shown
in Table 3. For Gando in Gran Canaria, and Tijuana and La Paz in Mexico, sys-
tems that employed DualSun 300 collectors were associated with overall lower
lifetime costs than those which employed either DualSun 400 or Solimpeks
Powervolt collectors. This is potentially due to the balance between a high ref-
erence electrical efficiency and thermal efficiency of the DualSun 300 collectors
at a comparatively low cost of 556$ per collector with a reference efficiency of
18.3% compared with 1022 $ and 21.3% and 545$ and 15.08% for the Dual-
Sun 400 and Solimpeks Powervolt collectors respectively, enabling them to be
a competitive way to provide day-time electricity and heat synergistically to
the MED plant for these relatively smaller systems. However, with the lowest-
cost system for Abu Dhabi and Gran Canaria for the smallest-capacity plant
consisting of 1 and 0 PV-T collectors respectively, it is likely that the choice
of PV-T technology is not significant compared with the choice of technology
for the other components or for the larger-capacity plants.

For Tijuana and La Paz, the greater reliance of the system on PV-T and S-
T collectors for hot-water heating as opposed to electrically-powered auxiliary
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heating is visible in the greater combined number of S-T and PV-T collectors
installed on average, the results of which are given in Table ??. This greater
dependence on solar-thermally-driven heating is potentially responsible for
the shift to the cheaper and less electrically-efficient Powervolt collector being
associated, on average, with systems that have a lower total lifetime cost.

5 Emissions-cost comparison results

A scatter plot, along with an overlaid kernel-density estimate for the same
data, plotted for clarity, of the specific emissions and costs across all technology
combinations is shown in Figure 3. The KDE envelope has been clipped just
beyond the bounds of the data to prevent a misleading envelope highlighting
regions where there is no data as a result of the fit.

The results in Figure 3 echo the results from the main paper, namely
that the energy-generation system for MED desalination is cheaper than grid-
powered RO in Tijuana and La Paz in Mexico and more expensive in Abu
Dhabi in the UAE and Gando in Gran Canaria due to the comparatively low
price of grid-sourced electricity in the UAE and on Gran Canaria. Here, in
Figure 3, the data show that this is the case irrespective of the technology com-
bination that results in the lowest-cost system, with all results fitting between
the specific costs associated with grid-powered RO in Abu Dhabi and Gando,
and Tijuana and La Paz. The data also reiterate the results from Figure ??,
namely that MED desalination in Abu Dhabi, Tijuana and La Paz can pro-
duce as few emissions as the energy associated with grid-powered RO in these
locations.

Figure 3 also shows that systems installed in La Paz were associated with
the lowest specific emissions of any of the four-case study locations. La Paz has
the highest cost of grid electricity of the four case-study locations considered
which results in none of the technology combinations shown in Figure 3 for
La Paz utilising grid-sourced electricity. Across the four case-study locations
(Abu Dhabi, Gando, Tijuana and La Paz), the lowest-cost systems plotted
have mean grid electricity fractions of 45.0%, 0.00778%, 0.00% and 0.00%.
Hence, differences in the specific emissions visible in Figure 3 for Tijuana and
La Paz are due to different system capacities being needed to meet fulfil the
demands of the plant across technology combinations rather than variations in
the auxiliary-heating and grid-electricity fractions. The reduced spread in the
auxiliary-heating fraction in Tijuana as opposed to La Paz, 0.666% and 6.03%
respectively, and the reduced spread of the number of components installed
results in the reduced spread of the data with a greater number of results for
Tijuana being concentrated in Figure 3.

Systems in Gando, shown in yellow in Figure 3, generally have higher asso-
ciated costs and emissions than Abu Dhabi, shown in red. Due to the non-zero
grid electricity fractions in both Abu Dhabi and Gran Canaria across the sys-
tems plotted, this can be partly attributed to the emissions associated with
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Fig. 3 Cost-emissions scatter for all component combinations. Scatter plot with an
overlaid kernel-density estimate of the specific emissions against specific costs of the energy-
generation system for MED desalination. Each point corresponds to a specific combination
of energy-generation technologies, detailed in Tables ??, ?? and ??, where the system has
been optimised for the lowest total lifetime cost. The specific emissions and costs associated
with the grid electricity consumed in grid-powered RO are also shown. The data show
that optimising for the lowest lifetime cost can produce systems which range in cost and
emissions intensity depending on the choice of technology as demonstrated in Figure ??.
The data show that locations with a relatively low cost of grid-sourced electricity, i.e., Abu
Dhabi and Gando with specific grid costs of 0.078 $/kWhel and 0.146 $/kWhel respectively,
are associated with a lower specific cost for a fixed specific-emissions value. The results
also show that La Paz, despite having the highest emissions intensity of grid electricity at
890 g CO2eq/kWhel, is associated with lower specific emissions than Abu Dhabi, Gando
and Tijuana. The data reiterate the findings displayed in Figures ?? and ??, namely that
grid-powered RO is cheaper than MED desalination in Abu Dhabi and Gando and more
expensive elsewhere, and that the specific emissions resulting from MED-driven desalination
are comparable to grid-powered RO in all locations other than Tijuana.

electricity drawn from the grid. For Gando, the relatively low grid electricity
fraction, 0.00778% on average and up to 0.0691%, implies that a large part of
the variation in the emissions shown in Figure 3 is a result of changing technol-
ogy choice rather than a variance in the reliance of the system on grid-sourced
electricity and thus variations in the resulting emissions.

Overall, the data in Figure 3 show that, whilst PV-, PV-T- and S-T-driven
MED desalination can produce clean water with specific costs lower than grid-
driven RO (as is visible for Tijuana and La Paz), and with emissions that are
comprable within error to grid-driven RO for all locations other than Tijuana,
the choice of specific collector used can have a significant impact. The spread of
points demonstrates variations in cost by a factor of 1.5 and in emissions by a
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factor of around 8 depending on the collector model utilised. It is therefore key
when considering whether MED desalination is suitable, and what capacity of
collectors are needed to meet the demands of the plant, the specific location
and technologies which are available as this choice can have a great impact on
overall lifetime costs and emissions.
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