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ABSTRACT

A number of simulation tools have been implemented in the past to assess the techno-economic fea-
sibility of renewable power plants or desalination units. However, to the best of our knowledge, no
well-established tool currently exists for the simulation of integrated renewable desalination plants
on a system analysis level. This paper presents an innovative integrated methodology for the tech-
no-economic assessment of renewable desalination plants. The technical assessment is performed
within the simulation platform INSEL, whereas the existing model library — mainly consisting on
photovoltaics (PV) and wind power — has been considerably extended by own developments. The
newly implemented modules include a series of models for concentrating solar power (CSP) technol-
ogies such as Parabolic Trough, linear Fresnel and Central Receiver. In addition, models for thermal
desalination such as MED and MED-TVC as well as for RO have been implemented. The technical
model is typically used to perform annual yield analyses. The time step used for the input data such
as meteorological data and demand data is of one hour. In a successive step the main results of the
technical model are used as input for a flexible economic model, which has been developed as well
within the context of this work. In the second part of the paper the developed methodology is applied
within two exemplarily case studies in MarsaAlam, a touristic location in Egypt. In the first case
study, several CSP technologies and configurations are compared. The second case study focuses on
the optimization of the combined supply of desalinated water and electrical power.
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1. Introduction

Renewable technologies have achieved substantial cap-
ital cost reduction in the last years, driven by large scale
market introduction. However, desalination powered by
renewable energy is still not widely applied. Its develop-
ment is limited to demonstration and small pilot plants
which are mainly located in remote areas [1,2]. The feasibil-
ity of utility-scale renewable desalination plants still needs
to be analyzed in detail by techno-economic models. The
paper aims to the description of an innovative approach for
the combined techno-economical assessment of renewable
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desalination on system analysis level. The paper is struc-
tured as follows: first, the state of the art of available tools
for the simulation of renewable energy plants as well as
desalination units is presented. Specific advantages and
disadvantages of the respective tools are addressed. Sec-
ond, the choice of the tool used for the analysis is justified,
with particular focus to its advantages with respect to the
objectives of this work. Third, the main features of each of
the newly implemented modules, i.e. the CSP plant compo-
nents as well as the desalination technologies are described.
More detail about the models is given in the Appendix.
Finally, the developed methodology for the integrated tech-
no-economic assessment of renewable desalination plants
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is exposed. In addition, two case studies show exemplarily
the capability of the developed tool.

2. Methodology for technical analysis

A number of simulation tools have been implemented
to assess the techno-economic feasibility of renewable
power plants or desalination units. However, to the best of
our knowledge, no well-established tool currently exists for
the simulation of integrated renewable desalination plants
on a system analysis level. As an example, simplified tools
(e.g. SAM [3], Greenius [4]) are well suited for quick gen-
eration of results, but are rather inflexible, i.e. the user has
the possibility to select a limited number of configurations.
On the other hand detailed thermodynamic programs exist
(e.g. Ebsilon [5], Thermoflow [6]) which allow for flexi-
ble simulation of a large set of configurations, but are not
adapted for the realization of an elevated number of para-
metric studies due to the high computational effort. In the
Appendix (Table 9) a compact overview on key features of
different simulation tools is presented [7-9]. Simulation of
desalination processes typically has to be performed with
separate tools such as DEEP [10], implemented by the Inter-
national Atomic Energy Agency or specific programs such
as ROSA [11], provided by the desalination company Dow
Water.

In the light of the exposed considerations, an enhanced
tool for the integrated analysis of renewable desalination
should be a tool which combines the best features of the
previously mentioned tools. After that a number of avail-
able programs have been screened, INSEL has been chosen
as a well suitable option with regards to the objectives of
this work [12]. INSEL is a simulation environment based on
so-called “blocks”. Blocks are symbols (i.e. graphical sym-
bols within the user interface — Appendix, Fig. 13) which
may represent any type of mathematical function, from a
simple sum to a heliostat field model. Independently of the
complexity of the mathematical formulation, each block is
characterized by one or more “inputs” (i.e. independent
variables), by a series of “block parameters” (i.e. constant
values within a single simulation) and a number of “out-
puts” or results. The current version of INSEL includes
PV modules, tracking systems, inverters, battery systems
and wind turbines. In addition, the software allows for
the creation of new, own-programmed models and their
integration within the existing simulation environment.
The technical assessment is then typically performed by
means of annual yield analyses based on hourly simula-
tion steps, i.e. within one simulation run each of the plant
components is fed 8,760 times with the required input val-
ues such as meteorological input data as well as demand
data. Within the context of this work, a number of new
blocks for Concentrating Solar Power (CSP) and desalina-
tion processes have been developed. Such models include
linear focusing CSP systems (Parabolic Trough (PT), lin-
ear Fresnel (LF)) and point focusing CSP systems (Central
Receiver (CR)) as well as several heat transfer fluids (e.g.
synthetic oil VP-1, molten salt (MS) and direct steam gen-
eration (Water /Steam)).The basics of the newly developed
models are described in the following. More detail about
the models is given in the Appendix, while the complete
model setup can be found in [13].

2.1. CSP Model
2.1.1. CSP solar field — parabolic trough (PT)

PT systems use parabolic mirrors to concentrate direct
normal irradiance (DNI) onto a receiver located on the
focal line of the parabola (Appendix, Fig. 14). Currently
available collectors have an aperture width between 4.4
meters and 7.6 meters [14,15]. The typical optical concen-
tration ratio is ca. 80. The main inputs, outputs and design
parameters of the developed CSP PT model (or block) are
listed in Table 1. The key input value is the DNI. Several
loss mechanisms reduce the effectively available solar
radiation onto the receiver. Some of these losses are due to
non-ideal material properties and geometrical imperfec-
tions in the collector manufacturing [16]. Such impact is
considered in the block parameter “collector type”, which
includes information about the collector geometry as well
as the respective peak optical efficiency. Other losses are
caused by the single-axis tracking and depend on the
position of the sun and on the collector geometry [17-19].
The position of the sun is defined by the azimuth and the

Table 1
Summary of inputs, block parameters and outputs of the CSP
solar field block

Inputs

Time (hour of the year), h
Azimuth angle, °

Sun elevation angle, °

DNI, W/m?

Ambient temperature, °C
Wind velocity, m/s

Storage state of charge, MWh,,
Electricity demand, MW,

Block Parameters

Collector type
Row distance, m
n subfields

HTF type?

o
sf_out_design”

Max. electricity demand, MW |
Solar multiple

nturllrmm

Outputs

Asf,mz

n collectors
st’MWth
T:sffmlt’ OC
anmp’ thh

Qslaviup’ MWh
nsf

th

MWel

parasitic_sf”

11 =1S-2;2=LS-3; 3 =SKAL-ET 150; 4 = SGX-1; 5 = AT150, %1 =
oil (VP-1); 2 = solar salt; 3 = DSG (i.e. direct steam generation).
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sun elevation angles, while the parameter “row distance”
influences the shading losses.

The mentioned losses define the effective irradiance on
the external surface of the receiver. After that, a share of
the energy is transferred to the heat transfer fluid (HTF).
The calculation of the solar field yield (st) and of the solar
field efficiency (n_) is based on the energy balance of the
absorber tube, which includes a series of thermal losses as
shown in Appendix, Fig. 15. The resulting energy balances
and can be formulated according to [20] and [16] (Appen-
dix, Eq. (3) and (4). Ambient temperature and wind veloc-
ity as well as the design outlet temperature from the solar
collectors have an impact on the heat losses. The definition
of the size of the solar field depends on the maximal elec-
tricity demand (i.e. nominal capacity of the steam turbine),
on the nominal turbine efficiency and on the solar multiple.
The solar multiple [Eq. (1)] is a non-dimensional parame-
ter which is defined as the ratio between the heat collected
by the solar field under design conditions and the nominal
capacity of the turbine:

SM= Q‘sffdesign (1)

turb _in

This parameter is often used in order to simplify the
comparison of different cases and configurations. On the
basis of such information, the mirror area of the solar field
(A,) as well as the number of collectors can be calculated.
CSi’ PT plants typically present a layout with 4 subfields,
whereas the power block is located at the center of the
plant in order to minimize pressure and heat losses in the
piping. Pumping requirements within the piping system
are considerable and in oil-based systems may account to
over 10% of the generated electricity under design condi-
tions (depending on the SM). The calculation of the piping
losses has been performed according to [21]. An important
improvement of the developed CSP models in compar-
ison to most existing steady-state models is the consider-
ation of transient effects due to thermal inertia of different
solar field components (HTE receivers, piping system,
etc.). These effects play an important role and their disre-
gard leads to an overestimation of the solar field yield in
the order of magnitude of 10-15% [22,23]. The impact of
transients has been calculated with the lumped capacitance
method described by [24] and [25]. Finally, the current state
of charge of the thermal energy storage (TES) and the pres-
ent electricity demand are required inputs of the PT model.
Such two parameters are necessary to limit the solar field
yield in some hours of the year. This may be the case when
the TES is completely charged and the heat demand of the
steam turbine is lower than the heat the solar field could
potentially deliver. In such hours a share of the collected
heat has to be dumped (Q )

2.1.1.1. CSP solar field — central receiver (CR)

Central receiver systems consist of a large number
of slightly curved mirrors called heliostats, which reflect
direct solar radiation onto a receiver located at the top of
a tower (Appendix, Fig. 14). The typical optical concentra-
tion factor ranges from 500 to 1,000 [26]. The implemented
model uses a simplified procedure for the assessment

of the heliostat efficiency, as presented in [27]. The heat
transfer on the receiver of CR systems has been assessed
according to [28,29] and can be formulated as in Eq. (5)
(Appendix). The structure of the CR block with respect to
the main inputs, outputs and block parameters is similar
to that presented in Table 1 for the PT and therefore is not
reported here.

2.1.2. CSP thermal energy storage

The 2-tank molten salt storage concept is implemented
in a large number of commercial parabolic trough CSP
plants in Spain (e.g. Andasol). The typically used storage
medium is a non-eutectic salt mixture consisting of 40 %
potassium nitrate (KNO,) and 60 % sodium nitrate (NaNO,)
[30]. The main inputs, outputs and design parameters of the
developed TES block are reported in Table 2. The storage
capacity is easily calculated as the ratio between the maxi-
mal electricity demand and of the design turbine efficiency
— which gives the thermal input to the turbine under design
conditions — multiplied by the equivalent full load storage
hours (FLH,,,). Other design parameters are the tempera-
tures of the cold and hot tanks, respectively, which are
dependent on the limits imposed by the used salt mixture
(min. design temperature of ca. 290°C, upper limit of 565°C
due to corrosion problems at higher temperatures) as well
as the HTF temperature at the outlet of the solar field [31].

Table 2

Summary of inputs, block parameters and outputs of the CSP
thermal energy storage, %initial state of charge, *demand cover
mode: 0 = demand cover with gross power; 1 = demand cover
with net power

Inputs

Time (hour of the year), h
Ambient temperature, °C
T:HTF,sf’ °C

Q MW,

Electricity demand, MW

Block parameters
Max. electricity demand, MW |

Meart_nom

hTES,deszgn’
SoC?
qluss’ O/O/d

o

°C

Tlxotjnnk’

cold_tank’

Outputs

QTES,design’ MWh,

Qg MWh,,

SoC

Qturb’ MWth

T:TES,(JU;" °C

chﬁr’ thh
MW

p parasitic_TES’ el

th
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Table 3
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Overview of storage operation cases; Q,,, = heat transferred to/from the TES through a heat exchanger; t = time [13]

Condition Additional constraint

Storage operation

st 2 Qturh,mrget QTES(Fl) + |QHX| <

st 2 erb,mrgez QTES(H) - |QHX| 20

QTES(H) - |QHX| <0

QTES,EIesign
QTES(FI) + |QHX| > QTES,stign

Storage charge

Limited storage charge;

— Partial solar field defocusing
Storage discharge

Limited storage discharge;

— Eventual fossil backup required

In addition, the state of charge (S0C) at the beginning of the
simulation and specific thermal loss coefficient (4, ) have
to be defined.

According to the heat delivered by the solar field (Q )
the current SoC of the storage and the heat demand of the
turbine Q, , ... four TES operation cases (i.e. charging and
discharging) are distinguished, as shown in Table 3. If the
solar field delivers more energy than turbine and storage can
accept, a share of the solar collectors is defocused, while in the
case neither the solar field nor the TES are able to supply the
required amount of heat to the turbine, a fossil backup would
be necessary to completely satisfy the electricity demand.

The main outputs of the TES block are the design capac-
ity of the thermal storage Q. ., the current state of
charge (SoC), the heat delivered to the turbine (Q ,,) and the
respective temperature T, ,  as well as the parasmc power
required to pump the HTF through the heat exchanger (in
the case different fluids are used in the solar field and in the
TES). Finally, during prolonged off-line periods may hap-
pen that the temperature on the cold tank falls below the
design value. In this case additional fossil heat (Q ) has to

be provided to avoid the freezing of the salt. o

2.1.3. CSP power block (Rankine cycle)

The power block model consists of a conventional
steam Rankine cycle, which can be fed by either solar or
fossil-fuel-based heat. The implemented model bases on
[32] and [33], typical values for CSP turbines derive from
[34]. The key parameters (as shown in Table 4) are the heat
flow at the inlet of the turbine (Q .,) and the steam condi-
tions (temperature T, and pressure p, ). Also the number
and the pressure level of the steam extractions for inter-
nal feed water pre-heating have been considered. Other
important assumptions for the calculation of the electricity
generation are the efficiency of the turbine stages, whereas
a differentiation is made between high pressure and low
pressure section, as well as the efficiencies of the feed water
pump and of the generator. In addition four types of cool-
ing can be selected, i.e. once-through, evaporative (or wet),
dry cooling and MED. In the last case, the first chamber of
the desalination plants acts as a condenser for the waste
steam of the turbine. Relevant parameters for the cooling
are ambient temperature (dry cooling), cooling water tem-
perature (once-through cooling) as well as relative humid-
ity and atmospheric pressure (evaporative cooling). Such
cooling models bases on [19,32]. The details of the calcula-
tion procedure can be found in [13].

The model has also been adapted in order to take into
account off-design conditions such as part load conditions and

Table 4
Summary of inputs, block parameters and outputs of the power
block module

Inputs

Time (hour of the year)
Electricity demand, MW
thb’ thh

T, °C

T../T

o
amb cool_water” C

Relative humidity
P, mbar

Block parameters
Mwel

°C
Pin_design bar
Cooling type'
Co-firing switch?, y/n
TTD, K
DCA, K

el_nom’

in_design’

ngen,dﬁsigﬂ
npump,design
nexp?dasign
[
cool_water_design’ C
3 0
amb_design 7

ITD, K

startup

Outputs

MW

el_gross” el

n‘tuvbfgmss
Qm’ MWth
Qaut' Mwlh

ntmbﬁnet
Part load

Pronr AT

msfeam?mnd’ kg/S
o
cond”

p

el_net/

MW

el

MW

Pelfsolm’ el
chﬁr’ MWhth
S MW
parasitic_pump el
MW

parasitic_cool el

MW

parasitic_plant’ el

10 = once-through; 1 = MED; 2 = dry; 3 = evaporative tower; 4 =
fixed pressure, 21 = ON; 0 = OFF, °relevant for cooling = 2-3; TTD

= Terminal Temperature difference in HX; DCA = dry cooling
approach in HX; ITD = initial temperature difference in dry cooling
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start-up procedures. The calculation of the steam pressure in
the different stages of the turbine under part load conditions
is performed according to the Stodola’s theory [35], while the
efficiencies of the turbine stages and the feed water pump effi-
ciency are adjusted according to [36] and [37], respectively.
The main results of the power block model are gross
and net electricity generation (P, ,and P, ), net turbine
efficiency (n,,, ,..)- rejected heat flow (Q ) with its tempera-
ture (T, ) and pressure (p_ ), solar share (P, _, ) as well as
the own consumption for pumping (P, .)- Finally, Fig.
1 shows a screenshot of the INSEL user interface with the
own-developed models for the simulation of a CSP central
receiver plant. The time handling is performed by the time
block (left side of Fig. 1). Next right to the time block, the
sun calculation block assesses the exact position of the sun
for each hour of the year, once the geographical coordinates
(latitude, longitude) and the time zone of the analyzed loca-
tion are known [17]. Hourly meteorological data such as
direct normal irradiance (DNI), global horizontal irradiance
(GHI), diffuse horizontal irradiance (DHI), ambient tem-
perature and humidity, wind velocity as well as demand
data (water demand, electricity demand) are read from an
input file (grey block below the sun position block). The
figure also shows the three main components of the CSP

model, i.e. heliostat field and receiver, thermal energy stor-
age (TES) and power block, respectively from the left to the
right side of the screenshot.

3. Desalination models
3.1. Multi-effect distillation (MED)

The MED process consists of a series of evaporation
chambers (Fig. 2). The feed water is sprayed by nozzles to
the external surface of a tube bundle. The heat supply for
the evaporation, which occurs on the tubes, is provided by
condensation of steam flowing inside the tubes. The pro-
duced vapor acts in turn as a heat source in the successive
stage. In the first effect, low pressure steam has to be exter-
nally supplied (e.g. waste heat from a steam turbine).

The MED model is based on [38] and [39]. This is in
principle a 0-D model, meaning that each MED stage is
described in the model as a point. Steady-state conditions,
salt-free distillate as well as equal heat transfer area in all
effects are assumed, the latter being a common practice in
commercial desalination plants. The model consists of a set
of equations and a number of empirical correlations for the
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End Simulation Time
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Hybrid/Solar-Only Mode
Other Specifications

Specific Thermal Losses
| Other Specifications

Fig. 1. Screenshot of the developed CSP INSEL models (central receiver) with specification of main design parameters (in the boxes) [13].
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Fig. 2. Scheme of a MED process (parallel-cross configuration) — [13] Adapted from [38].
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estimation of physical properties, thermodynamic losses
and heat transfer coefficients. Due to the non-linearity of
the correlations, an iterative solution procedure is required.
Among different possible MED configurations, the paral-
lel-cross feed layout has been selected for this work due to
its high performance.

The main inputs, outputs and design parameters of the
developed MED block are summarized in Table 5. The plant
capacity is defined as a function of the available steam flow
under design conditions (i, ), the number of stages
and the resulting gain output ratio (GOR). The GOR in turn
depends on the temperature conditions (steam supply tem-
perature and cooling water temperature (T, ), the num-
ber of stages and the seawater salinity (X ). Asimplified
intake model takes into account the power requirements for
the cooling water and feed water supply.

Table 5
Summary of inputs, block parameters and outputs of the MED
module

Inputs
mstmmﬁumd’ kg/S
pstcnm,cund’ bar

o
seawater” C

Xseawah’r’ ppm
Water demand, m3/h

Block parameters
TVC mode'
n stages

bar

pmotiw,steum,d@sign’

mmotive,steum,dﬁsign’ kg/s
T‘scﬂwater_dfsign’ OC
st’uwmcr?dasign’ ppm
Xmlles[/lg(’s’ ppm
Tsfeam ()1:1)2’ °C

At
L intake pipe, m

cond”

intake pipe, m

Outputs

Plant capacity, m3/d
n, m3/h
GOR
Mg /1
1ot water T/ 10
[ ‘feed_water’ m®h
7 m3/h
m3/h

[}

3

3

brine’

discharge”

= 3 8

discharge’”
Xdisclmrge’ ppm
sA, m?/(kg/s)
SEC,, kWh, /m?
Ppamsitic,MED’ Mwel
sEC, kWhel /m3

10 = off; 1 = on, *relevant for TVC, %0 = off; 1 = on

th

The main results from the MED block are the drinking
water production (i1,), the seawater requirements (1, )
as well as the characterization of the brine discharge flow
(mass flow n, ,  , temperature T, , and X, salinity).
Further relevant parameters with particular regard of the
downstream economic evaluation are the specific surface
of the heat exchangers (sA), the specific thermal consump-
tion (sEC,) and the electricity demand (P, ... yep)-

Analogous to Fig. 1, Fig. 3 shows the minimal version of
a MED model within the INSEL graphical user interface. The
key design parameters for the simulation are also specified.

3.2. Reverse osmosis (RO)

Design and operation of RO plants is a function of a series
parameters such as plant capacity, seawater quality (i.e. tem-
perature, salinity and their seasonal variations) and required
permeate composition (salinity, boron concentration etc.)
[40]. The implemented model simulates a typical large-scale
SWRO plant. The reference configuration is shown in Fig. 4.
The pre-treated feed water enters the high pressure pump,
where it reaches operating pressure. The required pressure
has to overcome the sum of osmotic pressure at the end of the
first stage and several other pressure losses such as frictional
losses within the piping and in other equipment. After that,
the pressurized water enters the first RO stage. Typically a
RO stage consists of 6-8 membrane elements. Within the
selected reference configuration, the permeate is separately
collected at both ends of the stage, whereas the low-salinity
permeate from the first three elements is blended with the
permeate of the second stage, while the remaining perme-
ate from the first stage passes through a booster pump and
enters the second stage. The pressure applied by the booster
pump is much lower than the pressure applied by the HP
(high pressure) pump, due to the fact that in the salinity of
the feed is much lower than in the first stage.

The RO model is based on [41] and [38]. The detailed cal-
culation procedure can be found in [13]. Temperature and
salinity of the feedwater as well as the water demand are
required inputs for the model (Table 6). The key parameters
of the RO model are the design product salinity (X, . ), the
number of passes and their recovery rate (RR 1% étage and
RR 2™ Stage, respectively) as well as the number of elements
per pass (n Elements 1** and n Elements 1™, respectively)
and the average age of the membranes, which impacts on
both salt passage and permeability of the membranes. An
overview of the design parameters of the used membranes
for both the first and the second stage is reported in Appen-
dix (Table 10). In addition, different intake types (e.g. open,
submerged) and pre-treatment types (e.g. conventional,
dissolved air flotation) can be selected.

The key results of the RO model are the permeate mass
flow () and its salinity (X)), the feed operation pressure
at the entrance of the first stage (p,, d,1sr,smge)' from which the
electricity consumption (EC) can ée calculated, the overall
recovery ratio (RR) and the concentrate mass flow (i
as well as its salinity (X . Finally, the total membrane
area (A, . ) represents one of the most important param-
eters for the economic evaluation. Fig. 5 shows the mini-
mal version of a RO model within the INSEL graphical user
interface. The key design parameters for the simulation are
also specified.

wnccntmfc)
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Fig. 3. Screenshot of the developed MED INSEL model with specification of main design parameters (in the boxes) [13].
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Fig. 4. Scheme of a SWRO plant with concentrate staging config-
uration - [13] Adapted from [41].

4. Methodology for economic analysis

The results of the technical model serve as input for
the economic model. In this step, the capital expenditures
(CAPEX) and the operational expenditures (OPEX) of each
plant are assessed. The main outcomes of the economic
model are the levelized electricity cost (LEC, [€c/kWh]) for
each of the considered technologies and the levelized water
cost (LWC, [€/m?]). In addition, the final comparison of
combined power-and-water supply systems requires a com-
mon methodology which takes into account the specificities
of the two considered systems. The approach proposed in
this work is the calculation of the total cost of supply, which
consists of the sum of the cost for electricity supply and for
water supply [Eq. (2)]. In order to avoid the twofold con-
sideration of the energy cost for desalination (ENEX ., ),
which appear both in the calculation of the power supply as
well as in that of the desalination units), the cost of supply
can be formulated as follows:

n

Supply Cost=" % OPEX;,, pis
Power Plant=1 (2)
k
+ z OPEX s pram — ENEX b pron
DES Plant=1

The CAPEX and OPEX assumptions base upon avail-
able literature and are summarized in the tables reported
in Appendix (Table 11-15). The OPEX within Eq. (2)
includes annual capital cost, personnel, equipment,

Table 6
Summary of inputs, block parameters and outputs of the block
SWRO

Inputs

o
seawater”

Xsmwatfr’ ppm
Water demand, m3/h

Block parameters

Water demand

design”
prdcsign’ ppm
RR 1+ stage
RR 2™ stage

n elements 1%

m3/h

n elements 2™
Membrane age, y
Pre-treatment type
Az intake pipe, m

L intake pipe, m

Outputs

m3/h

mfeed,watey'
P (feed_1st_stage)” bar
m ” m3/h

X , Ppm

RR

y 3
mwnrentvata’ m /h

Xconcenfmte’ ppm

membrane”

EC, MW,
sEC, kWh /m?
sEC kWhEl/m3

intake”

Ipretreatment type: 1\ = conventional; 2\ = with DAF
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Fig. 5. Screenshot of the developed RO INSEL model with specification of main design parameters (in the boxes) — [13].

spare parts and insurance. The calculation procedure
has already been presented in previous works [13,42]
and therefore is not reported here. In addition, in order
to cope with the large number of simulation runs, an
automated tool for the generation and the evaluation of
the economic results has been implemented (Appendix,
Fig. 16).

5. Case studies
5.1. Overview

This section exemplarily shows the potentiality of the
developed methodology within two case studies:

* The first case study focuses on the technical and eco-
nomic analysis of CSP technologies. The best perform-
ing CSP technology (i.e. collector type and heat transfer
fluid) and configuration (i.e. solar field size and storage
capacity) is then used as available option in the optimi-
zation procedure which is carried out within the second
case study

* The second case study performs a comparison of opti-
mized MED and RO systems taking into account the
complete structure of the power supply. The available
technologies for the power supply include renewable
energy technologies such as CSP, PV and Wind Power
as well as backup technology, whereas a conventional
steam turbine has been assumed

The concluding section of this paper summarizes the
main findings of the case studies pertaining to both techni-
cal and economic aspects and will indicate some suggestion
for future research work.

5.2. Selected location and input data

MarsaAlam (Egypt) has been selected as the location for
the analysis. This city is not connected to the water, elec-
tricity and natural gas networks [43]. For this reason, this

location is particularly attractive for the development of
renewable desalination plants. The meteorological hourly
data required for the INSEL simulations have been collected
from [44-46]. The annual sum of direct normal irradiance
(DNI) amounts to 2,530 kWh/m?/y, which is an excel-
lent value if compared with other locations in the MENA
region. The global horizontal irradiance (GHI) annual sum
is slightly lower (2,386 kWh/m?/y). The DNI distribution
over the selected year (Fig. 6) shows irradiation values
higher than 200 kWh/m?/y in the period between May and
November, while the minimum of DNI is in February with
less than 140 kWh/m?/y.

The ambient temperature (monthly average) experi-
ences a seasonal variation of around 10 K between approx.
20°C and 30°C, while the oscillation of the seawater tem-
perature is of modest entity. Wind speed data originate
from [46]. The annual wind speed average in MarsaAlam
is approx. 7.0 m/s at 50 m height. The seawater salinity is
slightly higher than 40,000 ppm and presents little seasonal
variations. Fig. 7 shows the electricity demand in MarsaA-
lam: the averaged representation over the hours of the day
and over the months of the year highlights that the elec-
tricity demand is mainly driven by cooling applications, as
the demand is highest during the summer months and in
particular during the early afternoon. The absolute values
of the electricity demand ranges between 50 MW and 150
MW. The water demand to be covered by desalination is
assumed to be constant at a value of 30,000 m3/d.

The assumed cost projections for renewable technolo-
gies in 2020 take into account cost reduction due to learning
curves and economies of scale [47-50]. The cost of the fossil
backup fuel refers to a crude oil price of $120/barrel in 2020
[51]. The optimization procedures performed in two pro-
posed case studies base on these assumptions.

5.3. Case Study 1: Optimization of CSP plants

The objective of the first case study is the optimiza-
tion of a CSP plant. In other words, for a defined turbine
capacity, the solar field size and the capacity of the ther-
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Fig. 7. Average electricity demand in MarsaAlam, Egypt [13].

mal energy storage have to be found which provides lowest
LEC among all possible combinations. A series of annual
yield calculations have been performed for a wide range of
solar field sizes and thermal energy storage capacity. The
LEC has been calculated for each of these configurations.
The plant is assumed to operate in solar-only mode. This
means that no fossil fuel is used for electricity generation.
Only a small amount of fossil energy is required in order to
eventually avoid the freezing of the storage material (freez-
ing temperature approx. 240°C).

The results of the optimization procedure are summa-
rized in Fig. 8. Such results refer to a Central Receiver CSP
plant of the “Gemasolar” type. This plant uses a mixture of
molten salts as the heat transfer fluid both for the receiver
loop as well as for the storage loop. This particular layout
allows for reaching high temperatures (approx. 565°C) and
— accordingly — higher efficiencies than other CSP systems.
A relatively broad LEC-minimum exists, which includes
high SM (in the range 2.5-3.5) and high TES capacities (12—
16 full load hours). A SM of 3.0 and a 14 FLH TES provides
lowest LEC according to the economic assumptions.

The eventual choice of a non-optimal layout (e.g. TES
over-sizing) would lead to high investment costs due to
the installation of a large TES, which would be used ineffi-
ciently as it would often remain completely or partially dis-
charged. On the contrary, an ideal utilization of the thermal
energy storage would imply a daily complete charge—dis-
charge cycle. Another non-optimal layout would imply the

Optimization of Solar Field and Storage Layout
(Central Receiver - Molten Salt - Solar Only)

19.75-20.00
19.00-19.75
18.25-19.00

19.75
| 19:00
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=10.00-10.75

Solar Multiple [-]

Fig. 8. Optimization of a molten-salt based Central Receiver CSP
plant, MarsaAlam, Egypt, 2020 cost assumptions, solar-only op-
eration [13].

oversizing of the solar field and the selection of a relatively
small TES. In this last case, the storage would be mostly
completely charged, while a relevant amount of heat from
the solar field would have to be dumped. In both cases, the
non-optimal layout of the plant components would lead to
inefficiencies and — as a result — to higher LEC.

In order to find the most convenient CSP technology
and configuration, the same optimization procedure as
previously described has been applied to other CSP con-
figurations. The analyzed cases include PT, LF and CR.
In addition, three different heat transfer fluids have been
selected, i.e. thermal oil (VP-1); molten salt (also: solar salt)
and water/steam. This last layout also goes under the name
of direct steam generation or DSG. In the case of the Cen-
tral Receiver, only molten salt has been considered. This is
due to the fact that the thermal oil suffers from an upper
temperature limitation (393°C), while CR systems are best
suited for the realization of temperatures higher than 500°C.
Table 7 gives a summary of the specifications used for the
INSEL simulations. According to the given specifications,
highest gross turbine efficiency is reached in the case of the
molten salt-based Central receiver (43.2%). For comparison,
the efficiency of the VP-1 based Parabolic Trough is approx.
4.5 % lower.

The comparison of the three considered PT configu-
rations shows that PT-SALT systems provide lowest LEC
(Fig. 9). The main advantages are lower specific investment
cost in comparison to PT-OIL plants. In fact, the molten
salt-based CSP plants take advantage of an approx. 2.5
higher temperature difference between hot and cold tank
in comparison to oil-based CSP systems. As a direct conse-
quence, the required molten salt mass is significantly lower.
Despite DSG systems are characterized by high efficiency
and a simple plant layout, no proven TES concept for DSG
is currently commercially available. This limits so far the
economic attractiveness of such systems.

The LEC of PT, FR and CR ranges between 12.5 €c/kWh
(PT) and 10.0 €c/kWh (CR). The main advantages of the
Central Receiver technology are high geometrical efficiency
along the whole year — which is mainly due to the 2-axis
tracking of the heliostats —, high turbine efficiency as well as
low heat requirements for anti-freezing purposes. FR plants
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Table 7

CSP plant design data
Solar field Parabolic trough Linear Fresnel Central receiver
Collector type SKAL-ET 150 SUPERNOVA Abengoa Heliostats
Collector aperture, m? 817.5 7419 121
Collector spacing, m 16.5 4.5 Optimized by HFLCAL?
HTF Qil/Solar salt/DSG QOil/Solar salt/DSG Solar Salt
Max HTF temperature', °C 393/500/500 393/500/500 565
Min HTF temperature, °C 293

Thermal energy storage
Cold tank temperature, °C

Hot tank temperature, °C

2-tank molten salt storage (for VP-1 and solar salt); PCM for DSG
285 (Anti-freezing if T < 270 °C)
385-565 (dependent on HTF)

Power Block Single-reheating

Cooling type Evaporative cooling
Inlet steam pressure, bar 100
Inlet steam temperature, °C

Gross turbine efficiency, % 38.6°-42.6*

373-545 (dependent on HTF)

38.6°-42.6* 43.24

'values refer to different heat transfer fluids; *heliostat field layout calculation, tool developed by the Solar Research Institute of
the DLR; ®refers to synthetic oil (VP-1); *refers to molten salt, PCM = Phase change material, [13], based on [14,52-55].
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Fig. 9. Comparison of different CSP collectors and heat transfer
fluids. The SM and the TES capacity of each of the shown con-
figurations has been separately optimized; MarsaAlam, Egypt,
2020 cost assumptions, solar-only operation [13].

are characterized by simple layout, which allows avoid-
ing additional components such as flexible joints and easy
drainage. In addition, FR plants have high land use factor,
i.e. the ratio between mirror area and required land area,
which makes possible to minimize the land cost. However,
FR systems are characterized by low geometrical efficiency
and consequently lower heat collection in particular during
off-design conditions.

5.4. Case Study 2: Optimized systems for the supply of water
and electricity

Aside from the optimization of single plants, e.g. renew-
able power plants as shown in the previous section as well
as desalination plants [42], the developed methodologies

and tools can be used for the assessment of combined sup-
ply systems. This is the main focus of the second case study.
Within this analysis a comparison of optimized MED and
RO systems is performed. Thereby the complete struc-
ture of the power supply is taken into account. The avail-
able technologies for the power supply include renewable
energy technologies such as CSP, PV and Wind Power as
well as a backup technology, whereas a conventional steam
turbine has been assumed (Fig. 10). The analysis has been
performed for a typical year with hourly resolution steps
for meteorological and demand data. All analyzed config-
urations satisfy the same demand profiles for local power
and water supply on an hourly basis, which allows for a fair
comparison among competing scenarios.
Two main scenarios have been taken into account:

1. SWRO-Mix: in this case, the power fleet gener-
ates electricity in order to cover the total electricity
demand, which consists of the sum of the demand
for the local supply and of the demand for the SWRO
plant. According to these requirements, the objective
of the optimization procedure is the minimization of
the LEC, without any further constrains.

2. MED-Mix: in comparison to the previous case, heat
is required for the supply of the MED. The heat may
be provided by the waste heat of a steam turbine
(conventional or CSP). In this case, the minimization
of the LEC cannot be used as the objective function,
as heat cost would be neglected.

The assumed MED plant is a 13-stage unit with paral-
lel-cross configuration. The pressure of the waste heat from
the steam turbine is 0.35 bar. The resulting GOR is approx.
11.5. Concerning the SWRO, a partial two-pass configuration
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Table 8

Comparison of power plant configurations and key economic
results of SWRO and MED power mix; Assumption: the power
park is optimized for a fossil fuel price of 120 $/bbl

Installed power capacity Mix-SWRO  Mix-CSP-MED
CSP turbine capacity, MW 50.0 50.0

CSP solar multiple 3.0 34

CSP TES capacity, h 14.0 15.0

PV, MW 70.0 45.0
Wind, MW 100.0 90.0
Fossil backup, MW 104.8 101.5
Annual yield analysis

Renewable share, % 76.6 73.8
Electricity curtailment, %/ 17 71

annual demand

Annual demand, GWh/y 899.3 873.2
Specific cost of supply, €cent/ 7.03'-9.62* 6.89'-9.922
kWh

LWC, €/m? 0.89'-098*  0.99'-1.06
Cost of supply, Mio. €/y 69.7'-93.0>  69.0'-95.8*

18 $/bbl; 2120 $/bbl [13]

with conventional water pre-treatment has been assumed.
The total recovery rate is approx. 42% and the product water
salinity before post-treatment is approx. 100 ppm. The spe-
cific electricity consumption is 1.5 kWh/m? and 4.2 kWh/m?
for MED and RO, respectively. An optimization has been car-
ried out separately for the SWRO-Mix and for the MED-Mix
scenarios, respectively. The main results are summarized in
Table 8. The resulting power fleets include in both the SWRO
case and the MED case all considered technologies. At a first
sight, this may appear surprising, since each technology is
characterized by specific power production patterns and by
different cost. In particular, the cost optimal supply consists
of both intermittent renewable energy sources (i.e. PV and
Wind power) on the one hand, which provides relatively low
LEC but cannot deliver power on-demand, and CSP as well
as conventional backup on the other hand, which are slightly
more expensive than PV and Wind power but are capable to
provide high-quality dispatchable power. The dispatchability
of CSP is guaranteed by the utilization of the thermal energy
storage and -in the case the storage is completely discharged-

by hybrid operation. In both the SWRO and the MED case,
the optimal CSP capacity is 50 MW, which is slightly lower
than the minimal annual power demand of 55 MW. The CSP
plant is equipped with a large thermal energy storage (14-15
h) and the solar multiple is in both cases equal or higher than
3.0. Accordingly, the CSP plant is able to achieve approx.
7,500 FLH/y.

The installed PV and Wind power capacity are higher
in the SWRO case (PV: 70 MW vs. 45 MW; Wind: 100 MW
vs. 90 MW), which is mainly due to the different constrains
in the two cases. In particular, in the SWRO case the CSP
plant can act as a fully balancing renewable power plant.
This behavior can be appreciated in Fig. 11, which shows
the hourly electricity generation patterns for a typical win-
ter week. Whenever the power production by intermittent
renewables such as PV and Wind is high, the load of the CSP
turbine can be reduced to a minimum. On the contrary, the
CSP plant is operated at nominal conditions whenever the
PV and Wind power is not sufficient to cover the demand.
The fossil backup is used as “last-option” in order to cover
the gaps in the power supply. In the SWRO case, the power
curtailments (shaded areas above the demand line in Fig.
11) only amount to 1.7% of the total power demand on
annual basis, while the renewable share (i.e. the annual
renewable electricity generation divided by the total power
demand) reaches 76.6%.

A comparison of Fig. 11 and Fig. 12 may help to high-
light the main differences between SWRO-Mix and MED-
Mix case. The two figures show the hourly power and water
production patterns for a typical winter week in the SWRO-
Mix and in the MED-case, respectively. The hourly dispatch
model is quite straight-forward. Renewables are assumed
to have feed-in priority as long as their power generation
sum is lower than the load. This assumption is supported by
the fact that renewable energy technologies — PV and wind
power in particular — provide lower LEC than the backup
power plant as long as world market fossil fuel prices are
assumed. The backup power plants cover the remaining
gaps at times of insufficient renewable electricity genera-
tion. If the sum of renewable electricity generation exceeds
the load, two cases have to be differentiated. In the MED
case, the CSP plant is operated at full load around-the-clock
(Fig. 12) in order to guarantee continuous heat supply to
the thermal desalination unit. In the RO case, CSP can be
flexibly operated between full load and minimal load (Fig.
11). An empirical requirement has been introduced, which
involves the minimum amount of secondary control reserve
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in order to avoid grid instability. This condition practically
means that at least one turbine —i.e. either the backup power
plant or the CSP turbine — has to be in operation at least at
minimum load conditions (ca. 20% of the nominal load) in
order to control sudden variations of electricity generation
or of demand. Independently of the considered case, PV
and wind power are curtailed if the sum of their electric-
ity generation exceeds the residual load (i.e. the difference
between actual load and CSP electricity generation).

In the MED case, due to the fact that the CSP turbine is
forced to supply a constant heat load to the MED, the flex-
ibility of the system is reduced. The intermittent electricity
generation by PV and wind power can only be balanced by
the conventional backup. Accordingly, optimal installed
capacity of PV and Wind power is lower, while the curtail-
ments are significantly higher than in the previous case (7.1
% of the total power demand on annual basis). In the end,
such a difference is also responsible for the higher cost of
supply in the MED-Mix case (95.8 [Mio. €/y] vs. 93.0 [Mio.
€/y] in the SWRO case). The differences in the cost of sup-
ply also are reflected in the averaged electricity cost (SWRO:
9.62 [€c/kWh]; MED 9.92 [€c/kWHh]) as well as in the level-
ized water cost (SWRO: 0.98 €/m?3, MED: 1.06 €/m3).

6. Conclusions

This paper presents an innovative methodology for the
integrated techno-economical assessment of utility-scale
renewable desalination plants. Different types of renewable
technologies (CSP, PV, Wind Power) as well as widely used
desalination technologies like RO and MED have been con-
sidered within the models. The first part of the paper gives
insight into the developed methodology for technical anal-
ysis. A brief introduction about the implemented economic
model has been given as well, whereas a comprehensive
overview canbe found in previous publications of the author.
In the following the potentiality of the implemented tool is
exemplarily shown within two case studies. MarsaAlam in
Egypt has been selected as the location for the analysis. In
the first case study, the optimization of a CSP plant has been
performed. Several CSP technologies such as linear focusing
as well as point focusing collectors have been considered.
The impact of key parameters such as solar field size and
storage capacity on technical and economic performance
has been evaluated. The economic analysis shows that for
the selected site the molten salt based Central Receiver CSP
presents the lowest levelized electricity cost. The advantages
of the Central Receiver are the high conversion efficiency
and the relatively low specific investment cost for the ther-
mal energy storage, which leads to larger installed storage
capacities and allows for the extension of plant operation
also during evening and even night hours. The second case
study aims at the identification of a cost optimal power plant
fleet and desalination plant for the same site. The compari-
son of such systems relies on the average annual cost of sup-
ply. Two main scenarios, i.e. one SWRO case and a MED case
have been considered and separately optimized. The results
show that the cost optimal power fleet consists of a mix of
intermittent renewable technologies such as PV and wind
power as well as dispatchable technologies such as concen-
trating solar power (CSP) and conventional backup power
plants. Concerning the comparison between RO and MED,
RO provides approx. 10% lower levelized water cost than
MED. The overall cost of supply are approx. 2.9% lower in
the RO case, which is mainly due to the flexible CSP oper-
ation and to the consequently lower power curtailment. On
the contrary, in the MED case the power supply system is
less flexible, as the CSP is designated to continuously pro-
vide heat to the MED. Such a drawback may be reduced by
the introduction of a low-temperature storage in order to
decouple the supply of the MED from the operation of the
turbine. Such an analysis will be performed in the frame-
work of future research activities. In addition, future work
may include the analysis of further sites, in particular at the
countries of the Arabic Gulf, where the demanding feedwa-
ter pre-treatment in RO plants could still result in a prefer-
ence for thermal desalination systems.

Symbols

A — Area [m?]

DHI — Diffure horizontal irradiance [W/m?2]
DNI — Direct normal irradiance [W/m?2]

EC — Energy consumption [MW,_]

ENEX — Energetic expenditures [Mio. €/y]
FLH — Full load hour [h]



Abbreviations

CR
CSpP
DCA
DLR
DSG
ITD
LF
HTF
HX
INSEL

MED

MS

PCM

PT

pv
REMix-CEM

RO
SAM
SoC
TES
TTD
TVC

Subscripts

amb
atm
cond
d _
el —
exp
gen
nom
p _
sf —
sw
th —
turb
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Global horizontal irradiance [W/m?]
Gain output ratio [-]

Levelized electricity cost [€c/kWh]
Levelized water cost [€/m3]

Mass flow [kg/s]

Operational expenditures [Mio. €/y]
Pressure [mbar]

Electrical powe [MW_]

Thermal energy [MWh]

Thermal heat flow [MW,, |

Recovery ratio [-]

Specific heat transfer area [m2/(kg/s)]
Specific energy consumption [kWh/m?]
Solar multiple [-]

Time [h]

Temperature [°C]

Salinity [ppm]

Efficiency [-]

Central Receiver (Solar Tower)
Concentrating Solar Power
Drain Cooling Approach
German Aerospace Center
Direct Steam Generation

Initial Temperature Difference
Linear Fresnel Reflector

Heat Transfer Fluid

Heat Exchanger

Integrated Simulation Environment
Language

Multi-Effect Distillation

Molten Salt

Phase Change Material
Parabolic Trough

Photovoltaics

Renewable Energy Mix - Capacity
Expansion Model

Reverse Osmosis

System Advisor Model

State of Charge

Thermal Energy Storage
Terminal Temperature difference
Thermal Vapor Compression

Ambient
Atmospheric
Condensation
Distillate
Electrical
Expansion
Generator
Nominal
Permeate
Solar Field
Seawater
Thermal
Turbine
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Appendix

Screening of available simulation tools for power supply and desalination plants

Table 9
Selection of available simulation tools [13], based on [7], [8], [9]; MSF = multi-stage flash; (y) = models under development

Main application System analysis simulation tools Thermodynamic cycle simulation

tools

Name SAM INSEL TRNSYS Greenius EBSILON IPSEpro
Professional

Original purpose  System analysis  System analysis of Evaluation of  System Engineering of ~ Engineering of

conventional
power cycles

of RE systems RE systems solar systems  analysis of conventional

for heating and CSP systems  power cycles

cooling
Developed by NREL (based on  doppelintegral University of ~ DLR Steag/DLR SimTech
TRNSYS) Wisconsin simulation
technology
Annual simulations y y y y y y
(Time resolution) (hourly) (variable) (variable) (hourly) (mainly for (mainly for
design, hourly)  design, hourly)
User-required Low/medium Low/medium Low High High
Know-how
Simulation effort Low Low Low Low Very high Very high
User programming SamUL FORTRAN, C, FORTRAN Not EbsScript Own develop-
language (MATLAB) implemented ments possible
Models” Partial Partial Opensource ~ Medium Good
documentation
Available modules
PV y y (various types) vy y n
Wind y y (various types) 'y n n n
CSP y (various types) (y) (various types) y y y (various types) y (various types)
Other RE systems ~ Geothermal, Solar collectors, Solar collectors, n n n
biomass Buildings Buildings
Energy storage Thermal Thermal (molten =~ Thermal Thermal Thermal (molten Thermal (molten
salt, concrete), salt) salt)
electrical
Desalination n (y) n n n y - MED/TVC
(MED/TVC /RO/MSF
/RO)
Economics y n n y n y
INSEL

INSEL is a short for Integrated Simulation Environment Language. The tool has been developed since more than 20
years at the Oldenburg University and at the Stuttgart University of Applied Sciences and is a commercially distributed
product. INSEL is characterized by a comfortable graphical user-interface and by a modular structure, which allows for
flexible and quick integration of new plant components. Sensitivity analyses and parametric studies can be alternatively
carried out without the utilization of the graphical user-interface by means of batch scripts (e.g. ruby or python). Different
languages such as FORTRAN, C/C++ and Matlab can be used for programming new modules. The procedure for the cre-
ation of new blocks is comfortable and user-friendly. Fig. 13 shows the screenshot of the INSEL user interface. The left bar
includes the commercially available blocks (upper part) as well as the user blocks. The setup of a simulation in INSEL starts
with the selection of a number of available blocks and their interconnection by mouse click. The user has to define the plant
configuration to be analyzed. This could be for example a single CSP plant or a more complex mix of renewable energies,
fossil backup and desalination. Fig. 13 also exemplarily includes the sequence of blocks which are used for the simulation
of a Central Receiver (or Solar Tower) CSP plant in INSEL. Each of the main blocks has red input boxes on its left side, while
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the blue boxes on the right side of the blocks are the outputs. The calculation typically takes 1-3 min, depending on the
complexity of the model. The most important results can be extracted from the result tables and are graphically analyzed.
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Fig. 13. Screenshot of the INSEL user interface with the simulation of a CSP Central Receiver plant [13].

INSEL is also linked with other tools used at DLR, e.g. REMix-CEM. This is a DLR in-house tool with focus on cost-op-
timal integration and commitment of renewable power plant portfolios in national or even international electricity supply
systems. Within this tool, INSEL is used for the calculation of CSP, PV and Wind power plants” hourly power production pro-
files. Such profiles are then scaled during the REMix optimization process in order to find the lowest overall cost of supply.

Central
Receiver

CSP solar field layouts

Solar Field

TIT

Fig. 14. Schematic view of a parabolic trough of a central receiver — Adapted from [56].

THY
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CSP parabolic trough

leassfambﬁ rad
Q inc_abs Q glass _amb _conv

[
Qinc; glass \_

Annulus HTF

Absorber

Glass Envelope

Fig. 15. Schematic of the radial heat flows between HTE, steel
absorber, glass envelope and ambient [13], adapted from [16].

The energy balance can be formulated as follows. For
the absorber:

Qz’ncfabs = Qabs + Qab57 glass + Qbmcket
Qs = Qubs_nrr 3)

Quhs _glass _rad + Quhs _ glass _conv

Quhs _glass =

The energy balance for the glass envelope leads to:

Qinc_ glass + Qubs _glass = leass _amb

Qabs _glass = Q glass _cond (4)

Qg1a557 amb = leu557 amb _rad + len557 amb _ conv

CSP Heliostat Field and Receiver
The incident power Q, _at the receiver is:

Economic assumptions

Table 11

Overview and description of investment cost items of CSP CR
plants with solar salt as HTF [13], based on [48,5758] — 1&C =
instrumentation and control, *Ref. plant capacity: solar field
1,000,000 m? thermal energy storage 2,800 MWh, turbine 100 MW.

CAPEX Item Unit Value
Land €/m?2 1.8
Site improvements €/m2 mirror 15.7
Solar field (excl. HTF) €/m?2 1324
HTF system (incl. HTF) €/m?2 0.0
Tower Mio. € =2, e(Q.)
Receiver €/kW,, 110.0
Thermal storage €/kWh,, 19.0
BOS €/kW,, 2574
Power block (Wet cooling) €/kW, 1007.8
Power block (Dry cooling) €/kW, 1,183.8
Fossil backup €/kW,, 0.0
Contingency % of DC 5.00%
EPC and owners” cost % of DC 15.60%
OPEX item

Personnel cost % DC/y 0.40%
Equipment (spare parts) % DC/y 0.53%
Insurance rate % DC/y 0.50%
Misc. (utilities & contract services) % DC/y 0.30%

Scale effects are taking into account according to [50].

Table 12

Overview of PV investment and operational costs [13], based on
[51,59-61]; EPC = engineering, procurement and construction;
*Ref. plant capacity 10 MWp, fix mounted

Qinc =DNI - Acf * preﬂ * nsf * nwind * nfacus (5)
ch MW, ] incident power

P [] mirror average reflectivity

MNovid [-] wind correction factor

Mocus [-] focus factor

RO membranes design parameters

Table 10
Guideline for the selection of two-stages SWRO plants — [13],
adapted from [40,41].

Parameter Unit 1 Stage 2n Stage
Membrane type - SWS5 or similar ESPA4+ or similar
Recovery rate % 35-55 85-90

Permeate flux 1/m2/h 11-15 25-32

Elements per vessel — 6-8 6-8

Split partial ratio % 20-60 -

CAPEX item Unit Value
Land €/m?2 1.8
Site improvements €/m2 module 11.7
Modules €/ kWp 947.7
Inverters €/ kWp 155.5
Electrical works €/ kWp 190.0
Mounting structure €/ kW, 224.5
Tracking system €/kW, 0.0
Civil works €/ kWP 165.1
Contingency % of DC 1.00%
EPC and owners” cost % of DC 8.00%
OPEX item

Personnel % DC/y 0.63%
Water % DC/y 0.06%
Spare parts % DC/y 1.00%
Insurance % DC/y 0.50%
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Table 13

Overview and description of investment cost items of wind
power plants [13], based on [51,62,63]; EPC = engineering,
procurement and construction, *Ref. plant capacity 10 MW

CAPEX item Unit Value
Wind turbine €/kW 1,034.4
Grid connection €/kW 1349
Construction €/kW 135.6
Other capital cost €/kW 52.2
Contingency % of DC 5.55%
EPC and owners” cost % of DC 1.44%
OPEX item
Personnel % of DC 0.53%
Spare parts % of DC 1.50%
Insurance % of DC 0.75%
Table 14

MED plant capital cost; assumption: 14-stage evaporator,
100,000 m3/d capacity [13], based on [51]; I&C = instrumentation
and controls

CAPEX item Unit Value
Intake , pump station and outfall incl. civil $/(m3/d) 500
Seawater chlorination $/(m3/d) 20
Process incl. Electrical and 1&C $/(m3/d) 1,810
Steam supply and condensate return $/(m3/d) 72
Erection, commissioning and testing $/(m3/d) 181
Potabilization plant $/(m3/d) 100
Drinking water storage & pumping $/(m3/d) 100
Auxiliary systems $/(m3/d) 50
Civil works MED $/(m3/d) 91
Civil infrastructure $/(m3/d) 30
Electrical works excluding MED $/(m3/d) 30
1&C works excluding MED $/(m3/d) 15
Direct cost $/(m3/d) 2,999
Contingencies % of 5.0
direct cost
Total MED plant $/(m3/d) 3,149

A detailed MED OPEX breakdown can be found in [13].
Scale effects are taken into account according to [38].

Table 15

SWRO plant capital cost; assumption: two-pass system,
conventional pre-treatment, 100,000 m3/d capacity [13], based
on [51]

CAPEX item

Intake , pump station and outfall

Unit Value
$/(m3/d) 300
$/(m?/d) 250
$/(m3/d) 80
$/(m3/d) 720
$/(m3/d) 100
$/(ms3/d) 100
$/(m3/d) 50
$/(m3/d) 70
$/(m?/d) 160
$/(m?/d) 150

Pretreatment system

Membranes (without vessels)
Reverse osmosis without membranes
Potabilization plant

Drinking water storage & pumping
Wastewater collection & treatment
Auxiliary systems

Civil works

Electrical works

1&C works $/(m3/d) 70
Total $/(m3/d) 2,050
Contingencies % DC 103
Total SWRO Plant $/(m3/d) 2,153

A detailed MED OPEX breakdown can be found in [13].
Scale effects are taken into account according to [38].

Python-Tool
Antomated generation of Automated evaluation of INSEL-
standardized INSEL-results results
Excel Tool
for Econ omic Analysis

- Summary of technical results
- Main economical results = LEC

Hase Case &
Parametr k Stud ies

CAPEX

& OPEX
Database

Fig. 16. Structure of the python tool for the automated genera-
tion and economic evaluation of INSEL results.



