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Considering the importance of water in local communities and the development of Concentrated Solar Thermal
Power (CSP) projects in arid regions, water footprint analysis and finding water-saving solutions towards opti
mized use of raw water resources in CSP plants are essential. Within this study, we present an integrated
simulation tool for a comprehensive simulation of CSP plants including the water and wastewater streams,
treatment units, and the cost of treatment. The models are compared to a set of measured water consumption
data from a commercial CSP plant. Furthermore, strategies to reduce raw water consumption are identified and
then investigated through the detailed simulation of alternative water management plans. The results show that
with optimized solutions, raw water consumption can be reduced by 14% while the cost of electricity remains the
same or is even slightly reduced.

1. Introduction
Limited water resource availability at potentially suitable locations
for Concentrated Solar Thermal Power (CSP) is a critical challenge
(Duvenhage et al., 2019). On one hand, introducing water to the cooling
system and mirror cleaning increases the overall CSP plant efficiency
and its cost-effectiveness significantly, considering the generally low
cost of water. An evaluation of a parabolic trough plant with an aircooled condenser located in the Mojave Desert shows that air-cooled
plants would have 5% less annual electricity yield and increase the
cost of the produced electricity by 7 to 9% (WorleyParsons, 2008). On
the other hand, the high water consumption rate of these processes in
fluences the local water resources and consequently also limits the
suitable sites for new plants. Therefore, there is a need to find alternative
solutions for optimized use of water resources with no performance

penalties to reduce the water consumption of CSP plants with the ulti
mate aim of adapting the technology for installation in globally growing
water-stressed regions (Carly Cassella, 2019). This requires, first of all, a
better understanding of the water consumption mechanisms. This in
cludes a detailed clarification what quality and quantity do the water
and wastewater streams in a CSP plant have, to identify potentials for
improvement.
Studies like (Wu and Peng, 2010) and (Diehl et al., 2013) describe
some of the system-level methods which are mainly based on con
sumption factors as a function of power output. These methods do not
take into account the effect of location-specific parameters (e.g. wet bulb
temperature, cooling demand, and evaporation) and operation strate
gies. Some literature also provides a daily demand for raw water mainly
based on data from conventional fossil fuel plants (Diehl et al., 2013).
This information, however, must be carefully adapted to CSP plant
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models for the calculation of water consumption and wastewater pro
duction are presented. Simplified correlations for estimating the energy
and cost required for treatment are also introduced. Section 3 also shows
the structure of the simulation model. In Section 4, we have used a set of
valuable measured data from a commercial CSP plant for comparison
purposes and fine-tuning the model. Finally, in Section 5 the developed
simulation models have been used to test the alternative water man
agement plans and investigate their technical and financial effects.
Furthermore, we investigate optimization potentials in the water man
agement system through simulation. Section 6 summarizes the simula
tion results and discusses the optimization potentials within the water
balance scheme.

Table 1
Types of water in CSP plant based on TDS and recommended quality from
literature.
Type of water

Applications

TDS [mg/l] (from
literature)

Process water

cooling system, firefighting
water, etc.

Softened water/
demineralized
water
Potable water
Service water

steam cycle, mirror cleaning,
etc.

600–900 (Heat Atlas
2010; VDI 2010)
2000 (J. Daniel Arthur
2011)
1.0 (Bernhard Doll and
Ramraj Venkatadri,
2013)
300–600
600 (Turchi et al., 2010)

Tap water in the buildings
filter backwash, bundle
cleaning, auxiliary machine
cooling, etc.

2. Water and wastewater in CSP plants
CSP plants consume water in various qualities and quantities. The
main water-consuming components of a CSP plant are the following:
Cooling systems (“wet”- water-cooled condenser (WCC) -, “dry” - aircooled condenser (ACC) -, or hybrid dry/wet systems), steam cycle,
mirror cleaning (contactless mirror cleaning with water spray and
contact cleaning with brushes), miscellaneous usage (e.g. ACC bundle
cleaning, auxiliary machine cooling, for infrastructure and staff), and
the demineralization treatment process (Burkhardt et al., 2011).
The source of raw water is usually ground or surface water from
rivers, lakes, wells, or other reservoirs. The quality of the raw water
highly depends on the local conditions and the source. It must be treated
to remove organic content and solids to achieve a constant and appro
priate level of quality for the different consumers in the plant.
Typical water types and quality found in CSP plants are listed in
Table 1.
Wastewater is also produced in CSP plants in different ways. Effluent,
concentrate, backwash water, and discharge are continually produced
from treatment processes, cleaning, or other processes. These effluents
must be handled within the water management system of the plant. They
can be discharged in water receiving bodies or disposed. For the

because of its different water consumption mechanism mainly due to the
following reasons: CSP has a different capacity factor and operating
schedule, a stronger dependency on weather conditions than fossil-fired
power plants, and an additional water demand for mirror cleaning.
Within this work, we develop simulation models to replicate and analyse
the behavior of water use and wastewater production of the CSP plant
components and corresponding water treatment units. We then inte
grate them into the validated system performance model of CSP plants
with parabolic trough collectors (PTC) as well as central receiver system
(CRS) in the simulation tool ColSim CSP (Rohani et al., 2017; Schöttl
et al., 2016) and compare the simulation results with water consumption
data measured in a 50 MW commercial PTC plant. The first part of this
paper is dedicated to providing the performance models for simulating
both quantity and quality (in terms of total dissolved solids (TDS) - solids
such as calcium, magnesium, chlorides, and silica) of the main water and
wastewater streams and discuss the deviations from the data measured
in a real plant. To do so, first in Section 2 an overview is given on water
and wastewater in CSP plants followed by presenting the water balance
schematic of a typical CSP plant. In chapter 3, the developed physical

Fig. 1. Main water and wastewater streams of a conventional CSP plant with WCC. Figures in [m3/h] ©Fraunhofer ISE.
279

S. Rohani et al.

Solar Energy 223 (2021) 278–292

Steam generator

Steam turbine
Evaporation + Drift loss

Hot cooling water
Condenser

Feed water pump

Cooling Tower

Cold cooling water

Make-up water

Blow-down

Fig. 2. Water and wastewater streams of a conventional evaporative cooling system (WCC).

discharge of effluents, international and local regulations must be
considered.
Fig. 1 illustrates an overview of water and wastewater flow within a
CSP plant with a conventional water management concept. The plant
which is used as a reference for this basic schematic is the Andasol-3 CSP
plant in Spain with a capacity of 50 MWel and 7.5 FLH of thermal energy
storage. Available data from this plant are completed with literature
data and data from own experiences. The plant employs a wet cooling
tower to extract heat from the vapor in the condenser. The mass flow
rate of each line which is shown in the figure refers to the design
condition.
The use of validated advanced simulation tools is a cost-effective
methodology for detailed water footprint analysis allowing for a holis
tic consideration of water use, treatment plant, and wastewater
handling. In this work, a detailed model for simulating the main water
and wastewater streams in 1-minute intervals is presented. This model is
then integrated into a validated CSP plant system simulation model to
consider the operational variants of a CSP plant including control,
operating strategy, and cooling technology.

on average around 1–4% of the circulating cooling water inlet mass flow
rate (Braun, 1988) and can be evaluated for the different cooling tech
nologies as follows:
conventional cooling tower in WCC system:
)
(
ṁevap = ṁdry,air * ωout,air − ωin,air ,
(1)
or hybrid cooling with a constant temperature of cooling water:
ṁevap =

Preject,th
(
),
ṁccw hgas,ccw − hliq,ccw

(2)

where the actual air mass flow rate (ṁdry,air ), the humidity ratio, ω, and

the mass flow rate of the circulating cooling water (ṁccw ) are calculated
based on the detailed NTU (Number of Transfer Units) model of the
condenser and the cooling tower. hgas,ccw and hliq,ccw are the enthalpy of
the circulating water at gaseous and liquid saturated states respectively.
Preject,th represents the thermal power that is rejected through the cooling
tower. A description of the cooling models is provided in (Shahab
Rohani et al., 2019).
Evaporation also results in increasing concentration of dissolved
minerals in the cooling water causing the formation of scale and sludge
deposits in the tower, piping, basin, and condenser if not controlled.
Scale formation and algae blooms are generally inhibited by continu
ously dosing chemical anti-scalants and biocides into the makeup water.
However, this dosing is only effective up to a certain limit of mineral
concentration, above which scaling will start to occur. Therefore, the
blowdown of high concentration basin-water is discharged continuously
or frequently and is replaced by fresh makeup water. The required
blowdown rate depends on the inlet water quality and the cycle of
concentration (CoC). The blowdown rate is estimated in the simulation
using the equation

3. Water consumption models
The approach we have used in this study aims at a methodology that
provides water use and wastewater generation profiles at a high tem
poral and spatial resolution. This allows for the calculation of the energy
and cost associated with water, pumping, and treatment processes.
Water consumption models are implemented in the five main waterconsuming components at a CSP plant as mentioned earlier: the cooling
systems, the steam cycle, the mirror cleaning, miscellaneous usage, and
the demineralization treatment process.
3.1. Cooling system

ṁblowdown =

Makeup water, blowdown, and losses including evaporation and
drift (see Fig. 2) are calculated within these models. The cooling water
consumption model is based on detailed heat and mass transfer
equations.
In wet cooling processes, evaporation leads to the most significant
loss in the cooling tower. For WCC, The evaporation water loss, m.evap , is

ṁevap
CoC − 1

− ṁdrift .

(3)

Incoming water from a municipal source typically has a TDS (con
centration of total dissolved solids) of 50 to 100 ppm. The concentration
in the blowdown should not exceed 600 to 900 ppm to avoid scaling on
the heat exchanger surfaces (some sources claim to push the limit up to
3000 ppm). In our simulation we considered the TDS of the blowdown to
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be around 1600 ppm resulting from a CoC of 4 based on raw water TDS
of 400 ppm. Here, the cycles of concentration CoC is defined as the ratio
between the TDS of the water in the basin of the cooling tower to that of
the makeup water, as given below (VDI-Gesellschaft Verfahrenstechnik
und Chemieingenieurwesen, 2010).
CoC =

TDSblowdown
.
TDSmakeup

2010; Dan Sampson, 2012; Christoph Maurer et al., 2014).
A simple method for a rough calculation of the total miscellaneous
makeup water flow (kg h− 1) uses the gross nominal capacity (in MWel) of
the plant. A constant demand of miscellaneous makeup water is
considered over the running time and idle time of the power block
respectively. Based on the comparison with measured data and
communication with plant operators, we developed a linear correlation
with a coefficient of r = 0.014 (kg h− 1)/MWel for PB running time and r
= 0.006 (kg h− 1)/MWel for idle time of the PB. The quench water flow
(ṁquench ) is the part of miscellaneous makeup water flow that is required
only during PB running time and is mixed with the boiler blowdown
after the process. The rest of the miscellaneous makeup water is directly
lost in different ways.
{
for PB running time : 0.014*Pgross,nom
ṁmiscellaneous =
,
(7)
for PB idle time : 0.006*Pgross,nom

(4)

Typical values for the CoC in industrial cooling towers are 2–4 (Eu
ropean Commission, 2001). The lower the salt concentration and espe
cially the hardness of the makeup water, the higher the possible CoC. For
this study, we have used a CoC value of 4 as a reference.
Drift loss amounts to between 0.0005% and 0.2% of the cooling
water circulation flow according to literature (see (Stodůlka and
Vitkovičová, 2016; Bechtel Corporation, 2007; Bhavani Sai et al., 2013;
Heat Atlas, 2010)). It can be very low due to drift eliminators that are
widely used in modern industrial open-loop cooling towers. A literaturebased average ratio of drift loss to circulating cooling water for a cooling
tower with a single row drift eliminator is found to be 0.005% (Yao
Wang, 2018). Therefore, we chose to use the drift loss in this study to be
(the coefficient can be changed in the model):
ṁdrift = 5*10 *ṁccw .
− 5

where the coefficients are in (kg h− 1)/MWel. The quench water demand
is part of miscellaneous demand (already included in Eq. (7)) and is
calculated as:

(5)

here the coefficient is also given in (kg h− 1)/MWel and the Pgross,nom in
MWel.

Makeup water is required to compensate for water lost through
evaporation, blowdown, and drift losses. It is generally added to the
cooling tower basin. The water balance in the cooling tower can be
expressed by:
ṁmakeup = ṁblowdown + ṁevap + ṁdrift .

(8)

ṁquench = 0.008*Pgross,nom ,

3.4. Steam cycle
Within the steam cycle, feed water is supplied to the boiler where it is
converted to high-pressure steam. The steam undergoes an adiabatic
expansion process through the turbine leaving it with lower pressure
and enthalpy. It is then condensed and pumped again through the boiler
in a closed loop. In this process, some water is lost due to boiler losses,
blowdown losses, and leakages (Veera Gnaneswar Gude, 2015).
The mass flow rate of the makeup water equals the sum of the losses
of the steam cycle and can be calculated using a simplified correlation as
given below (NREL, 2018):
For water-cooled (WCC) plants:

(6)

3.2. Mirror cleaning
The reflectors concentrating the solar radiation in a CSP plant need
to be cleaned regularly to maintain high optical efficiency. The water
supplied to the mirrors is in practice usually demineralized water at
salinity (TDS) of 0.001 g/l (source: information from collector cleaning
company Ecilimp). In most commercial plants, cleaning water is not
recycled, resulting in high water losses.
The model used in this study for mirror cleaning allows for different
cleaning strategies and is based on the cleaning device specifications
provided by a commercial CSP mirror cleaning service provider. The
models consider the specifications of the cleaning trucks (such as fuel
consumption, cleaning speed, cleaning efficiency of both brush and
water spray cleaning, etc.) manufactured by Ecilimp. The basic cleaning
strategy is based on a fixed daily cleaning routine that leads to fixed
repetitive cleaning intervals throughout the year. Other advanced
cleaning strategies are also implemented which consider other factors
based on which a cleaning plan for a specific day is created. These fac
tors include the current cleanliness status of a collector loop, weather
forecast (rain and DNI). More details about the related models are given
in (Rohani et al., 2019).

ṁmakeup,cycle,wet = 0.013*ṁlive

steam ,

(9)

and for air-cooled plants (ACC and the hybrid cooling considered in this
study), a coefficient of 0.016 is appropriate to account for additional
wet-surface air cooling:
ṁmakeup,cycle,dry = 0.016*ṁlive

steam .

(10)

The total blowdown water flow rate of the steam cycle is calculated
from the makeup and quench water flow rates:
)
(
ṁblowdown,cycle = 0.75*ṁmakeup,cycle + ṁquench .
(11)
And finally, a contribution of other losses in the steam cycle, which
accounts for a variety of minor losses such as leakage, deaerator vent
valve etc., is indirectly calculated by solving the mass balance equation
over the whole PB:

3.3. Miscellaneous demand
Apart from the water demands which have been widely discussed in
the literature and mentioned above, water is also required for miscel
laneous activities within the water treatment process. The miscellaneous
water demand includes but not limited to filter backwash, ACC bundle
cleaning, auxiliary machine cooling, flocculent hydration, quench water
(which cools down the boiler blowdown before it enters the wastewater
streams), and tap water demand within the plant. (Veera Gnaneswar
Gude, 2015). As these needs require similar water quality and thus the
same set of treatment processes, we model all of them under one cate
gory as miscellaneous demand. The amount of water required for
miscellaneous demand varies in the range of 0.25% to 0.7% of the total
raw water supply of an equivalent water-cooled plant (Turchi et al.,

ṁloss,cycle = ṁmakeup,cycle + ṁquench − ṁblowdown,cycle .

(12)

To avoid fouling or scaling of the steam turbine, the supplied water
has to be demineralized at a salinity of 0.001 g/l (Bernhard Doll and
Ramraj Venkatadri, 2013).
3.5. Treatment processes
Simplified performance models for four treatment processes are
implemented in which the mass flow rate of effluents and treated water,
as well as, the energy and cost required for treating and pumping are
calculated. The four implemented treatment processes include:
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purity water production, using reverse osmosis and/or ion exchange
techniques for the production of demineralized water and the almost
complete removal of minerals (very low TDS and conductivity). The
makeup water for the demineralization is the treated water from the
primary treatment process T1.
• Treatment unit for on-truck treatment of mirror cleaning water (in
case the cleaning water is collected and reused) –T3: Treatment 3 is
for the reuse of collected mirror cleaning water, for example by a
simple separation technique (hydrocyclon or settler) in combination
with micro or ultrafiltration (based on the results of testing of
collected mirror cleaning wastewater). This treatment is currently
not performed at any commercial CSP plant. It forms part of the
water conservation strategies investigated within this project. The
analysis is not included in this paper although the process has been
modelled and shown in the schematics.
• Wastewater treatment of miscellaneous water –T4: Treatment 4
represents in the model the treatment processes used for general
utilities on the plant, such as the production of potable water.

Table 2
Cost and power consumption of treatment units in CSP plants based on our
reference case. (Source: data adapted and processed from Waterleau).
Treatment
unit type

Power consumption [kWh/
m3makeup]

CAPEX [$/(m3/
h)installed]

OPEX
[$/day]

T1
T2

0.063
1.331
2.1

3246
10,774
22,200

32
44
116

1.625
2.171

51,060
24,975

11
11

T3
T4

other
ZBD
*

*
Deployment of T2 in Zero Blowdown Discharge strategy (high recovery
rate).

• Process water supply (primary treatment for raw water feed) –T1:
The essential process of the process water treatment is a pretreat
ment after abstraction from the water source. A minimal pretreat
ment consists of coagulation, flocculation, and (lamella)
sedimentation units. Additionally, in certain cases, dissolved air
flotation (DAF), sand filtration, or ultrafiltration can be used. The
target is to remove all suspended solids, silica and other potential
pollutants that could block the membranes or ion exchange resins in
stage 2 (T2 below) treatment, as well as, to supply the cooling system
and other consumers, that do not require demineralized water, with
required makeup water.
• Demineralized water supply (additional step for the steam cycle,
mirror cleaning, etc.) –T2: The second stage of treatment is the high-

Except for Treatment T2 (demineralization), the effluent of the
treatment processes (T1, T3, T4) is neglected since the salinity (TDS) is
not changed in these processes. For T2, a recovery rate of 50% to 85% is
assumed depending on the quality of the inlet (feed) water. A recovery
rate of 50% means that for 1 m3 of demineralized water, 2 m3 of makeup
water is required since 1 m3 leaves the process as concentrate (brine)
effluent and is sent to the evaporation pond or disposed.
We also considered the specific cost of treatment (CAPEX and OPEX)

Fig. 3. Structure and data flow of the water and wastewater model.
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and the power required to run the treatment units in the simulation and
the financial evaluation. This enables the variation of the size of the
treatment units and investigating how it will affect the parasitic load of
the plant and the levelized cost of electricity (LCOE). Table 2 shows the
suggested factors for fast calculation of cost and power consumptions of
treatment units in CSP plants. The assumptions are based on our expe
rience and used within this study. However, the numbers are specific to
the reference plant design of this study and can be slightly different
depending on e.g. quality of the raw water and the site. The OPEX as
sumptions are based on the reference plant and should be scaled based
on the production volume.

Table 3
Comparison of simulated and measured annual totals of energy production and
water consumption of the reference plant.

ColSim
simulation
Measured
data
Deviation

Net Qel
[GWh]

Total water
consumption [m3]

Specific water
consumption [m3/MWh]

237

889,879

3.75

197

807,537

4.09

20.3%

10.2%

− 8.3%

3.6. Implementation in simulation software
Fig. 3 shows in detail how the implementation of the water models is
realized in ColSim CSP. The goal is to implement all water consumers as
described in Section 3 in details:
•
•
•
•

mirror cleaning
Cooling
Steam cycle
Miscellaneous

The main water structure contains the sub-streams of each compo
nent. Sub-streams include:
•
•
•
•
•

make-up water
blow-down
evaporation loss
drift loss
other losses

Fig. 4. Breakdown of water use in CSP plants (relative contributions to total
annual water consumption for a 50 MWel WCC PTC plant). Cooling water
consumption (evaporation, blowdown, drift) accounts for more than 95% of
total water consumption (simulation results).

electricity production, as well as, six days (27 Ja. to 1. Feb) of detailed
water flow measurements inside the plant such as demineralized water,
cooling make up water, blowdown water etc. Therefore, we first
compared the simulated total raw water consumption with the measured
data on annual basis and then focused on the discrepancies over the six
days in more detail.
The CSP plant system model, into which the water and wastewater
models have been integrated, has also been validated and adapted ac
cording to the operational data of a 50 MW PTC plant in Spain. The
model and the validation have been presented in (Rohani et al., 2017).

To allow for an optimized water management, it is assumed that all
streams and sub-streams are controlled or monitored, and the actual
flow rates are communicated to a central water management control
unit. This is reflected by a respective software implementation that tries
to represent the behaviour of the overall control system in a certain
water management plan. In this way, the water management unit re
ceives the updated information of each sub-stream in each simulation
time step. The variable for each stream contains further information
(such as TDS and mass flow rate). The water management unit calculates
the water stream-related mass and energy balances. With this structure,
all types of logical links between storage tanks and treatment units can
be realized. The water mass balance of the plant and the balance of total
dissolved solids (TDS) in water are checked at each simulation time step
to ensure that the inlet raw water and its solid content are equal to the
total losses.

4.1. Total plant water consumption
Table 3 summarizes the deviations of the simulation result from the
measured data for the annual totals of raw water consumption as well as
the specific water consumption and the net energy yield. The annual
values are the integral values over one year based on the time series from
simulation results. The simulation shows a much higher potential for
energy production. This can be explained by lower plant availability due
to unscheduled maintenance e.g. five days in February where the plant
has not been operating. However, despite the simulated 20% higher
production, the total water consumption in the simulation is only 10%
higher. This leads to lower simulated specific water consumption
compared to the data. The reason could lie primarily in the ideal
modelling of blowdown extraction which could be lower than a real
plant, as well as varying operating strategy throughout the year result
ing in a production shift to the night hours and thus cooler ambient and
less required cooling water (in the simulation the operating strategy is
fixed for the whole year and the variation in real plant operation strat
egy is not considered). As the cooling system is the primary water
consumer of this plant, more attention is given to the comparison of
simulated cooling water consumption with measured data in the next
section. Finally, the simulated specific raw water consumption, the
determining parameter for the estimation of raw water consumption

4. Validation
In an attempt to test and fine-tune the water consumption models
based on real CSP plant conditions, the simulation result of the inte
grated water models has been compared with measured water con
sumption data from a 50 MW commercial water-cooled PTC plant. This
comparison aims to investigate the simulation model capability of
calculating the specific raw water demand of a CSP plant within an
acceptable uncertainty so that the simulated raw water consumption
gives a reliable estimation of water consumption of a planned project
already during the planning phase and feasibility studies. Considering
other uncertainties associated with weather data, modelling, and pa
rameters which could lead to a total uncertainty of around 20% for
annual yield calculation (estimated value based on Polo et al. (2016)), a
deviation of smaller than 10% for the average annual specific water
consumption compared to the measured data is assumed to be accept
able for this study. The data available to this study consist of one year of
measured total raw water consumption (upstream of the plant) and
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S. Rohani et al.

Solar Energy 223 (2021) 278–292

Table 4
Performance of the reference plant over 6 days. Simulation vs. operational data.

ColSim
simulation
Measured data

27

28

29

30

31

Gross Qel
[MWh]

Net Qel
[MWh]

Total water Consumption
[m3]

5932.66

5340.24

20707.41

5987.16
− 0.9%

5333.84
0.1%

21500.4
− 3.7%

measured data separately in more detail, see Section 4.2.
Fig. 5 shows the simulated demineralized water consumption of six
days as a percentage of measured data. The simulation result for the use
of demineralized water is in very good agreement for most of the days
except in one day (day 3). Since the dementalized water consumption is
only a small portion of the total raw water, its contribution to the dif
ferences in total raw water consumption between simulation and plant
data is not considerable.

1

Sim. gross energy production

Specific cooling water consumption
[m³/MWh]

Fig. 5. Simulated daily totals of demineralized water consumption and gross
energy as a percentage of measured totals.

4.2. WCC makeup water consumption
From the previous comparison, it is concluded that the main differ
ence between simulation and plant raw water consumption lies in the
process water consumption which is mainly used in the cooling system.
We extracted the cooling makeup water consumption from the simula
tion results. Fig. 6 shows the simulated average daily specific water
consumption of the plant over one year for the reference plant in South
Africa. It can be seen that the specific cooling water consumption is
generally reduced during the winter months (with a few exceptional
days). The primary reason is the lower ambient temperature which leads
to a lower evaporation loss in the cooling system. For a detailed com
parison of cooling system water consumption, a period of six days in
summer (27 Ja. to 1. Feb) has been considered (because detailed data
were only available for this period). It is also seen that the daily average
specific water consumption varies from day to day depending on
ambient and DNI condition which determines the efficiency of the plant.
This also confirms the need for detailed modelling of water consumption
in CSP plants for further studies towards the optimization and more
efficient use of raw water resources.
Fig. 7 shows the validation results of cooling tower water con
sumption compared with the plant measurements for 6 measured days.
The cooling water consumption includes evaporation loss, drift loss, and
blowdown. The daily net deviation remains below 10% in most of the
days. However, a large deviation is seen on 27 January 2018. On this
day, the power generation was low, but the measured water consump
tion was much higher. According to the communication with the oper
ator, it might be attributed to specific operational behaviours on the

Fig. 6. Simulated average daily specific cooling water consumption [m3/MWh]
in different months of the year.

based on the generated power, shows a very good agreement with the
measured data with an annual difference of − 8.3%. This difference can
be also linked to uncertainties related to weather input data in addition
to standard modelling uncertainties and the uncertainty associated with
modelling parameters. In a technical feasibility study during the plan
ning phase of a CSP project, an uncertainty of up to 20% is assumed only
for weather data input (typical meteorological year TMY). Considering
other uncertainties for modelling and assumptions, the resulted 8.3%
deviation to measured data in this study for the specific water con
sumption can be considered as acceptable.
Fig. 4 shows the detailed simulation result of the annual water
consumption of each component relative to the total raw water con
sumption and thus the weight of each component in the total raw water
consumption of a water-cooled plant. As it can be seen, the WCC is the
largest water consumer and consumes more than 90% of the total water
intake of a water-cooled plant. Therefore, we looked at the water con
sumption model of the WCC more closely and also compared it with

ColSim CT Makeup

ColSim net energy production

Fig. 7. Simulated daily total of cooling tower makeup consumption (ColSim CT Makeup) and net energy yield as a percentage of measured data for a period of 6
exemplary days (Jan 27 – Feb 1, 2018).
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Fig. 8. Measured CSP plant balance and potential reuse of wastewater in CSP plant (in m3 per day for an exemplary day 27th of January 2018). An attempt to
identify collectable water streams starting from total water consumption from left to right.

blowdown water management on 27 January 2018. The plant is sup
posed to conduct blowdown manually on certain days. An additional
source of deviations is the initial filling level of the water storage tanks
in the plant at the beginning of each day which is not recorded in the
data and thus not considered in the simulation.
Table 4 shows the comparison between simulated and measured
cooling water consumption, gross and net energy output in terms of the
total sums over 6 days. while the simulated net output is only 0.1%
higher than the measured data. The simulated cooling water consump
tion is 3.7% lower.

Based on this potential, we defined two alternative water manage
ment plans and compared them with the basic scenario (without reuse)
through the developed simulation models described earlier. On the one
hand, we look at collecting and reusing the blowdown water from the
cooling system and the steam cycle, on the other hand, we investigate
minimizing the cooling blowdown by using high-quality demineralized
water in the cooling system so that the cycle of concentration can be
increased up to 20 while the TDS of the cooling water remains below the
standards (around 1600 mg/kg in this study).
For the simulations, we considered an assumed solar tower power
plant in South Africa near Upington with the Orange River as the source
of raw water. The water quality of the Orange River has been measured
and the resulted salinity of 400 mg/kg has been used in the simulations.
For the evaluation of alternative water management plans, we
considered a variety of cooling system technologies and operation
strategies intending to cover different CSP plant raw water demand
levels. The investigated cooling systems are listed below and sorted
based on their water demand. The average steam cycle efficiency asso
ciated with each option decreases too, as the cooling water demand
decreases.

5. Alternative water management plans
In an attempt to identify wastewater streams within the power plant
that can be collected, treated, and reused in other components, we
investigated daily profiles of wastewater and losses in terms of quality
and quantity (Fig. 8) and found that the blowdown water from the
cooling tower and the boiler, as well as the concentrate of the demin
eralization process, are available streams for potential reuse. As it can be
seen in Fig. 8, more than 700 m3 blowdown water and concentrate have
been produced from a total of 3120 m3 total raw water input. These
water streams can be collected, treated, and reused. Therefore, for this
exemplary day, a reuse potential of 23.3% of the total raw water con
sumption would be available.

– Water-cooled condenser with wet cooling tower, WCC (see 3.1)
– Hybrid cooling system with high contribution of wet cells
– Hybrid cooling system with low contribution of wet cells

Table 5
Assumed specification of reference plants for the simulation.
Air-cooled

Watercooled

Hybrid cooling

100
0.87
0.4131
8000
73
26 ACC
cells
–

100
0.89
0.4388
4000
68
7 fans in
tower
–

100
0.88
0.4388
4000
68
14 ACC + 2 deluge

310 and
3000
50 and 85

Plant net el. capacity
Net to gross Ratio of Electric power
Gross thermal efficiency of the steam cycle
Condenser pressure
Live steam mass flow rate *
Number of cooling units

MW
–
–
Pa
Kg/s
#

Deluge activation condenser pressure
(hybrid cooling)

% of design
pressure

Volume of blowdown storage (parameter variation for
optimization)
Total recovery rate of demineralization stages (for RO and
CCRO respect.)

m3

–

–

85

*

High water consumption
scenario
110
310
50 and 85

of an equivalent steam cycle with one high pressure (HP), one low pressure (LP) turbine, and one steam extraction.
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Fig. 9. Basic scenario for handling the wastewater within the CSP plant with Hybrid cooling. (Line colours do not have any special meaning and are meant for better
visibility. The dashed lines are alternative plans and are only active when it is possible/needed).

Fig. 10. Improved scenario for blowdown reuse. Cooling and boiler blowdown are treated and reused for mirror cleaning and steam cycle; optional cleaning water
collection, treatment, and reuse. (Line colours do not have any special meaning and are meant for better visibility. The dashed lines are alternative plans and are only
active when it is possible/needed).
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Fig. 11. Second alternative scenario with minimized cooling blowdown (ZBD). (line colours do not have any special meaning and are meant for better visibility).

– Conventional air-cooled condenser, ACC

cleaning which usually takes place during the evening or nighttime. In
addition to these modifications, an optional collection, on-truck treat
ment (T3), and reuse of mirror cleaning water are indicated.
Since the mass flows are reduced as compared to the basic scenario,
the capacity of the treatment plants and the annual costs are also
reduced. On the other hand, higher-quality treatment equipment is
needed for demineralization, as blowdown water with high salinity must
be treated. There is a secondary freshwater line to the demineralization
unit in case there is not enough blowdown water for operating the plant.

As the hybrid dry/wet cooling system technology for this study, a
novel direct hybrid condenser (Riaan Terblanche, 2018) is assumed
which consumes water during the hot days when the air-cooled
condenser is not able to maintain the desired condenser pressure. The
air-cooled condenser (ACC) considered in this study is the classic direct
dry cooling system in which steam is condensed inside finned tubes.
The most important design parameters of the reference CSP plants
regarding the steam cycle and the treatment units are presented in
Table 5. In the following section, the investigated water management
plans will be introduced in more detail and their configurations are
explained.

5.3. Zero blowdown (ZBD)
The concept of using demineralized water for the cooling tower is
called zero blowdown cooling. A respective plant layout is depicted in
Fig. 11. By using this concept, the cycle of concentration in the cooling
tower can be significantly higher and therefore the blowdown could be
close to zero. There will still be a small flow of blowdown and concen
trate to the evaporation pond. On the other hand, the demineralization
of the makeup water for cooling is costly and affects the size of the
treatment facilities and the operational cost of treatment.
As the amount of water that has to be demineralized increases
significantly in this scenario, it is essential to use a treatment process
with a high recovery rate to avoid a significant increase in raw water
demand and the produced effluent. Closed Circuit Reverse Osmosis
(CCRO) systems operate at a higher recovery rate and can greatly
improve energy efficiency (Li et al., 2020). Traditional reverse osmosis is
designed in a sequential multi-membrane, multi-stage configuration, in
which each membrane in the series is making a small contribution to
wards the overall water recovery. Improved recovery is achieved by
adding a second or third RO stage, requiring higher Capex, Opex and
footprint. For this study, the EXSEL® CCRO system is used. This system
features equal feed and permeate flow rates during normal operation
mode. At a software-based set point, the system automatically flushes

5.1. Basic scenario
The basic (reference) scenario is shown in Fig. 9. The simplest system
(lowest investment cost) concerning the water treatment plant is asso
ciated with this basic scenario. The blowdown water and concentrates
are discharged in a sewer or sent to the evaporation pond without
further use or processing. However, this implies relatively high mass
flows which must be treated and relatively high amounts of additives
that must be dosed into the process water.
5.2. Blowdown storage and reuse
Fig. 10 shows the improved water management concept. In this case,
the blowdown water from the wet cooling system and the steam cycle is
treated and reused for mirror cleaning and the steam cycle. The blow
down storage tank acts as a buffer tank upstream of the treatment unit to
moderate the flow rate to the treatment plant leading to minimized
required capacity of treatment. Another benefit of the tank is the storage
of the blowdown water produced during the day to be used for mirror
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recovery rates of about 98%, and the last step for ultrapure water which
is the Electrodeionization (EDI). Here again, recovery rates in the range
of 96%-98% are common. Therefore the overall recovery rate would be
in the range of 79% to 89%.

Table 6
Simulation-based comparison of different plant layout and water management
plans in CSP plant with conventional WCC and ACC.
Basic

Blowdown
reuse

ZBD

ZLD

1 613
143
3500

70
712
152
257
016
12
904
0.10

Total raw water
consumption
Total energy
consumption of
treatment
Treatment CAPEX

m3/
year
MWh/
year

1 706
941
327

1 673 806

$

2 959 720

Treatment OPEX

$/year

LCOW

$cent/
kWh
$cent/
kWh
%

2 474
974
132
929
0.17

0.17

3 493
572
332
206
0.20

9.53

9.53

9.60

10.20

100%

98%

95%

4%

LCOE
Water consumption
relative to basic
scenario

250

133 553

5.4. Zero liquid discharge (ZLD) with air-cooled condenser
The ZLD concept is based on a dry-cooled plant where nearly all the
inlet raw water to the plant will be demineralized so that the lowest
possible blowdown water is produced within the plant. In other words,
the ZLD case is similar to our ZBD case but with an air-cooled condenser
that consumes no water.
6. Simulation results and analysis
6.1. Water-cooled plant
The annual simulation results of the evaluated water management
scenarios for a CSP plant with conventional WCC are summarized in
Table 6. The lowest water consumption is seen as expected for the ZLD
scenario through integration of the ACC and a demineralization plant
with a high recovery rate. However, it leads to a higher LCOE than the
basic scenario (see also Fig. 12), associated with a lower efficiency of the
air-cooled plants as well as higher investment cost of an ACC and higher

out all the concentrate and then returns to its normal operation mode. By
increasing the cycles within the same set-up, recovery rates up to 95%
can be achieved (Waterleau Belgium, 2018). The selected demineral
ization process also consists of ion-exchange softening which has

Fig. 12. Changes of the discussed scenarios in specific water consumption, LCOW, and LCOE relative to the basic scenario.

Fig. 13. Annual raw water demand (in thousands m3/year) for production of different water types within different water management scenarios.
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Table 7
Simulation-based comparison of different water management plans in CSP plant
with hybrid cooling.

Total raw water consumption

m3/year

Total energy consumption of treatment

MWh/
year
$

Treatment CAPEX
Treatment OPEX
LCOW
LCOE
Water consumption relative to basic
scenario

$/year
$cent/
kWh
$cent/
kWh
%

Basic

Blowdown
reuse

328
632
225

283 669

476
500
34 635
0.34

501 600

10.02

10.02

100%

86%

157

34 034
0.31

Fig. 14. Effect of treatment power consumption (right scale) on the specific
water consumption (left scale) of the whole plant.

fan power consumption.
Comparing the three water management plans used in water-cooled
plants, the case zero blowdown discharge reduces the raw water con
sumption by 5% compared to the basic scenario without a significant
effect on the LCOE. This can be explained by the very high cycle of
concentration in the cooling system due to the very high-quality cooling
water. The small increase in the LCOE originates from the oversized
demineralization unit which leads to increased CAPEX and OPEX of the
treatment and consequently increasing the levelized cost of water
(LCOW) by 18% as seen in the table. The relative water consumption of
the ZBD case is not very dependent on the size of the CSP plant and the
level of water consumption as the simulation results of the hybrid-cooled
plant with significantly lower water consumption shows 5% water
saving through ZBD as well. Therefore, the fact that, for both watercooled and hybrid-cooled scenarios considered, a ZBD results in a 5%
reduction of water demand suggests that ZBD may lead to a 5% reduc
tion in all scenarios involving full or partly wet cooling.
The levelized cost of water (LCOW) is here defined as the portion of
the levelized cost of electricity (LCOE) which is caused by the cost of raw
water and treatment. In other words, LCOW defines as levelized cost of
the amount of water that is needed on average to produce 1 kWh of
electricity in a particular CSP plant configuration. The financial evalu
ation model for LCOE calculation is developed based on the equations
and default values introduced in the CSPBankability guidelines (Hirsch
et al., 2017).
Unlike the ZBD case, the relative water saving through blowdown
reuse depends on the absolute total water consumption. Due to the lower
demand of demineralized water relative to the cooling blowdown pro
duction in a plant with high cooling water consumption, a major amount
of the reuse potential of the blowdown cannot be used and therefore, as
expected, using a significantly larger blowdown buffer/storage tank
(3000 m3) did not affect the water-saving. Therefore, the water saving
through the blowdown reuse is limited to 2% when a conventional WCC
is used. In order to increase the amount of reused water and therefore
reduce the water consumption further, it is essential to extend the
application of the re-treated blowdown water on the consumption side.
Fig. 13 shows the total annual raw water demand divided into different
treated water quality for different purposes. As seen, the amount of
process and service water (mainly for cooling) remains constant when

Fig. 15. Comparison of total annual cooling blowdown and wastewater to
evaporation pond (in thousand m3/year) between basic water management
scenario and the improved scenario with reuse of cooling blowdown.

changing from basic to zero blowdown scenario while the make-up
water demand from an external source to produce demineralized
water is decreased due to the internal reuse of blowdown. On the other
hand, the demineralized water consumption increases significantly in
the case of ZBD due to the use of high-quality water in the cooling
system. This leads, on one hand, to a significant increase in power
consumption for the treatment (970% increase) and thus the LCOW by
18%, but, on the other hand, decreases the total raw water consumption
due to the significant reduction in cooling blowdown by 5%. This can
also be seen in Fig. 12 where the changes of water demand, LCOW and
LCOE relative to the basic scenario are shown.
An interesting aspect is the effect of treatment power consumption
on the specific water usage of the CSP plant. Fig. 14 shows as an example
the reduction in required energy for the treatment of blowdown reuse
strategy compared to the basic strategy while the actual water con
sumption of the plant decreased only slightly. This affects the net plant
production and compensates for the increased CAPEX and OPEX
required for the blowdown reuse strategy, resulting in unchanged total
plant LCOE while the LCOW has been increased.
In the ZBD case, the makeup water passing through T1 is almost
equal to the makeup water of the demineralization process (T2),
meaning that a significant amount of water is demineralized. This leads
to an increased required capacity of the demineralization plant to
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achieve near-zero blowdown cooling.

reductions related to the construction and O&M of the wastewater
removal components, which are not considered here.
The blowdown reuse approach seems to be a feasible solution for
reducing water consumption in CSP plants. However, the combination
of the blowdown reuse with conventionally water-cooled plants needs to
be studied further as dealing with a large amount of blowdown water for
treating and re-using requires innovative technologies and ideas. On the
other hand, applying the blowdown reuse approach in a plant with
lower blowdown production (with hybrid cooling) makes it possible to
increase the water saving ratio to the scenario w/o blowdown reuse.
Therefore, the deployment of innovative hybrid or dry cooling should be
also considered in future CSP plants.

6.2. Hybrid-cooled plant
Looking at the simulation results of the plant with hybrid cooling
(low contribution of wet cells, relatively low water consumption), reuse
of the blowdown water results in a 14% reduction in total water con
sumption (and 6% for the hybrid cooling with high contribution of wet
cells) which is much higher than the WCC case due to the reason
explained above. In the blowdown reuse approach, the amount of
demineralized water production does not change, while the required
freshwater makeup for the demineralization process is reduced. The
changes in the water consumption affect the size of the treatment units
which consequently reduces the cost of treatment (CAPEX and OPEX) as
well as the power required for the treatment (see Table 7).
As shown previously in Table 2, the specific energy required for T1 is
significantly lower than for demineralization T2. Power plants with
lower demineralization requirement consume considerably less energy
for treatment. As shown in Table 6, the power consumption for the ZBD
case increases significantly due to a larger demineralization unit. Ac
cording to the simulation results, this contributes to a higher LCOW and
consequently a higher LCOE of ZBD as compared to the basic scenario.
Another benefit of re-using the blowdown water, which is not
considered in this study, is the significant reduction of the effluent
volume sent to the evaporation pond. This opens the opportunity to
build a smaller pond and thus save investment as well as O&M cost,
since disposing the effluent is a relatively costly process. Fig. 15 shows
the total annual wastewater sent to the evaporation pond for both the
basic water management scenario and the scenario with blowdown
reuse. Although the amount of blowdown produced within the year does
not change, the wastewater from all the processes sent to the evapora
tion pond is reduced by 47%. This is due to the fact that less raw water
enters the power plant as well as a slightly increased concentration of
wastewater carrying a larger amount of minerals to the pond.

8. Outlook
The presented integrated simulation model allows for a detailed
assessment of water management in CSP plants. First results and insights
have been presented in this study. In a further study, we plan to inves
tigate water consumption of CSP plants at various locations and CSP
technology with various thermal storage capacities to determine the
effect of different parameters on water consumption mechanism in CSP
plants (e.g. optimized daily production schedule according to ambient
temperature in order to minimize cooling water consumption).
Furthermore, we plan to investigate the effect of possible increased raw
water price based on various water price scenarios as well as the real
value of water. The improved water management plan of reusing
blowdown water will be further investigated to extend the application of
water reuse within CSP plants. The potential of on-truck treatment and
reusing of collected mirror cleaning water can be also investigated in
detail. This requires an advanced method to collect the cleaning water
which is a research topic at the moment.
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7. Conclusion
The evaluation and comparison of different plant layouts and water
management plans employing an integrated dynamic simulation model,
for water and wastewater streams in CSP plants including the treatment
processes and financial evaluation, was the primary objective of this
study. The integrated performance model allows for water footprint
analysis as well as optimization of water management plans. For instance,
the optimum size of the blowdown storage tank was found with the help
of simulation looking at the hourly mass flow rate of blowdown streams.
The models were developed and validated against operational data. The
simulation model could predict the annual specific water consumption
with a deviation of around 8% from operational data.
We then used the simulation model to find optimization potentials in
the plant layout and water management system. For example, the pos
sibility to treat and reuse the blowdown water from hybrid cooling for
mirror cleaning and the steam cycle was investigated. Other investigated
scenarios are Zero Blowdown (ZBD) and Zero Liquid Discharge (ZLD).
The simulation result shows that in the case of a hybrid cooling system
with relatively low total water consumption, 14% raw water can be
saved by reusing the blowdown water as compared to the conventional
basic scenario. While in principle there is the potential to treat an even
larger fraction of blowdown water, it is necessary to find a suitable
application for re-using this treated water. On the other hand, the total
volume of wastewater sent to the evaporation pond can be reduced by
47% through blowdown reuse, which can lead to additional cost
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Appendix A
A.1. Reference site and CSP configuration for water management analysis
The Fig. A1 below shows the distribution of Direct Normal Irradiance
(DNI) and ambient temperature of the site as extracted from the TMY
weather data (source: Meteonorm version 7.3) used in the simulation. As
it can be seen in the DNI map, the weather data contains a variety of days
with high DNI, as well as intermittent DNI and overcast days, leading to
a fluctuating raw water demand of the plant. Besides this, it is seen in the
temperature distribution map that the ambient dry bulb temperature
varies within a range of around 0 ◦ C to 40 ◦ C. This leads to fluctuating
demand for cooling water throughout the year. The cooling water de
mand is highest during the hot summer days, while the water resource is
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Fig. A1. Distribution of DNI (left) and dry bulb ambient temperature (right) of the site Upington in SA over the year, as given by the respective TMY.
Table A1
Plant main design parameters and ambient design conditions.
Design parameter

Value

Design parameter

Value

Plant net el. capacity
Heat Transfer Fluid
Storage medium
Hot HTF temperature
Cold HTF temperature
Latitude
Longitude
Altitude
Time zone

100 MW
molten salt
molten salt
565 ◦ C
290 ◦ C
− 28.491◦
21.519◦
883 m
2h

Full load hours of storage
Design date
Design DNI
Solar multiple
wind speed
Design zenith
Design Azimuth
TDS of raw water

15 FLH
21/12 13:00
971 W/m2
3.14
3 m/s
8.1039546◦
126.85474◦
400 mg/kg

limited during this period.
The Table A1 below summarizes the main characteristic of the site
used in the design and the basic plant design/configuration. The refer
ence plant is a CRS plant with a two-tank indirect molten salt thermal
storage system.
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