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a b s t r a c t

Thermal power plants use large amounts of water, mainly for cooling purposes. Over a long operational
period, power-plant cooling can have a large impact on the water source: elevated temperatures
of return flows alter the local physical and chemical properties of the water (i.e., quality impact),
while water consumption reduces the available water reserves for future and down-stream uses
(i.e., Quantity impact). The vulnerability of the energy sector to water availability is an important
problem and measures to confront or mitigate this challenge have not yet been adopted. Here, a
novel, straightforward methodology to calculate the cost of water impact caused by coal and natural-
gas (combined-cycle) plants with once-through and wet-recirculating cooling systems is developed.
The goal is to internalize systemic costs related to water use impacts and thereby incentivize more
sustainable energy generation practices. The impact is calculated here as a theoretical feedback on the
plant’s operational costs, since altered water properties will eventually lead to malfunction or part-load
operation. The main parameter affecting the cost of water impact is found to be the temperature rise
of the cooling water in the condenser. In plants with once-through cooling systems, the quantity and
quality impacts of water use are of a comparable magnitude. The cost of water impacts in facilities
with wet-recirculating cooling systems, on the other hand, is determined only by their quantity impact
on water resources. Overall, recirculating systems result in a significantly lower water cost when
compared to once-through systems. Furthermore, an approximately three times higher cost of water
impact is calculated for coal plants in comparison to natural gas plants, which clearly demonstrates
the importance of operational efficiency on the water use of power plants.
© 2021 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The negative impacts of water scarcity and deterioration of
ts quality emphasize the need for a change in the way water
vailability and use is valued (Garrick et al., 2017; United Nations,
orld Bank, 2017). Currently, 41% and 42% of the freshwater
ithdrawn in the United States and Europe, respectively, is used

n the energy sector, mainly in thermoelectric plants that rely on
arge quantities of water for cooling purposes (Medarac et al.,
018; Miara et al., 2017). China is also strongly dependent on
hermoelectric plants, and coal-fired power plants are found to be
esponsible for around one-tenth of the country’s total freshwater
ithdrawals (Wu et al., 2019).
Cooling water systems of thermal power plants withdraw and

onsume large quantities of water. Of the four types of cooling
ystems implemented in power plants, two use water as the cool-
ng agent (wet- or closed-recirculating and once-through cooling
ystems), while the other two partly or completely replace the
eed for water with air (hybrid and dry cooling systems). Water-
ased systems are by far the dominant technology in use today
IEA, 2012).

E-mail address: fpetrako@ing.uc3m.es.
https://doi.org/10.1016/j.egyr.2021.04.001
2352-4847/© 2021 The Author. Published by Elsevier Ltd. This is an open access artic
nd/4.0/).
Water used for cooling is either returned back to its source
with modified physical and chemical properties, or it is consumed
(i.e., lost), mainly due to evaporation and leakages. This has two
main impacts: first, elevated temperatures of return water flows
(several hundreds of power plants across the United States were
found to return the water at temperatures above the limit set by
law (Averyt et al., 2011)) and, second, the reduction of available
water for future and downstream uses. Power plants also dis-
charge important amounts of heavy metals like mercury, arsenic
and lead, into the waters that can concentrate as they travel up
the food chain and impact fish and wildlife (US EPA, 2018). The
extent of the impact of power-plant operation on water resources
depends on several parameters. For example, the smaller the
water source, the more significant the long-term impacts of the
operation of a connected power plant will be. Addressing the
water-energy nexus by proposing concrete water use mitigation
measures in the energy sector has so far received little attention.

Previously published work emphasizes the value of cooling
water in the stability of the energy sector (Baleta et al., 2019;
Behrens et al., 2017; Liu et al., 2017; Rogers et al., 2013; van Vliet
et al., 2012), while more recent work has studied the effect of
power plant operation on water resources (Miara et al., 2018).

The water requirement of an energy conversion system depends
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Fig. 1. Steps and characteristics of the proposed methodology.
n its operational efficiency, which is determined by the type
f fuel used and the plant’s technology (Ifaei and Yoo, 2019).
tudies have shown high vulnerability of current power gener-
tion systems to increasing water temperature linked to climate
hange (Liu et al., 2017; Petrakopoulou et al., 2020). Recent events
ave shown that higher cooling water temperatures and/or inad-
quate water resources lead to reduced power plant capacity and
ould render many power plants uncompetitive (Kimmell and
eil, 2009; Peer and Sanders, 2018). In addition, thermal power
lants are not attractive targets of water consumption reduction
nitiatives based on pricing alone (Lubega and Stillwell, 2019).
he importance of less water-intensive energy systems and more
ffective regulations for water use in energy processes has been
hereby recognized by many international organizations (IEA,
016; U.S. Department of Energy, 2014; World Energy Council,
016, 2010).
This paper aims to introduce an approach for assigning costs

o qualitative and quantitative impacts of water exploitation
namely, temperature increase and reduced availability, – in

ower generation systems. Chemical contamination can be con-
idered as an additional impact, however it is not considered
ere, as it would require a more complex treatment that is
aved for future work. This study assumes that the long-term
peration of a power plant affects the connected water resources
nd would therefore affect the future operation of the power
lant in return. We, therefore, define worst-case scenarios under
2102
maximum water exploitation applying theoretical qualitative and
quantitative modifications of water properties, and then use these
scenarios to estimate the impact they would have on power plant
operation. Efficiency reductions due to increasing temperatures of
cooling water and reduced water availability are then linked to
power output reductions that represent an economic loss to the
operation of the plant. To conceptualize the influence and weight
of all studied parameters on the calculated costs, examples of two
400 MW plants operating with coal and natural gas (combined-
cycle plants) are considered. The plants have a capacity factor of
85% (7446 h per year) and generate 2978 GWh of electricity per
year. The adaptation of the methodology to other thermoelectric
plants, including solar-thermal plants, is reserved for future work.
Due to the global importance of the issue, the methodology
also accounts for regional considerations (differentiation between
water-abundant and water-stressed areas). The end result are
generalized equations that aim to facilitate policy makers and
energy experts to use the approach with minimal effort.

2. Methods

The analysis is realized in three steps, as visualized in Fig. 1.
First, reference points of operation of natural gas and coal power
plants with both once-through and wet-recirculating cooling sys-
tems are simulated in the software EbsilonProfessional (SteagEn-
ergyServices, 2020). EbsilonProfessional is a commercial thermal
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able 1
nits of parameters and variables used in the equations.

Units

EQQO kW
fcons –
COE e/MWh
cw kJ/kgK
ṁ kg/s
ηPP –
T , ∆T K
Ẇ ,∆Ẇ , Q̇ kW

engineering software used to simulate steady state and off-design
behavior of thermal power plants. It includes common power
plant components that can be used to simulate conventional
power plants, nuclear, solar and wind power plants, desalination
plants, fuel-cell applications, and user-specific processes.

First, to include regions with diverse climates, the simulations
re realized for three ambient temperatures and seven cooling-
ater temperature ranges (reference conditions). Second, shifted
oints of operation are studied: the quality and quantity effects
f changing water properties (i.e., cooling water temperature
ncrease and mass flow rate decrease) on the operation of the
ower plants (note that the air temperature remains constant
n the shifted points of operation and equal to that of the cor-
erponsing reference scenario). Penalties due to modified cooling
ater parameters are linked to reduced power output, relative to
he reference conditions. Third, the economic loss related to the
educed power output is calculated. This expenditure, named cost
f water impacts (COWI) is meant to be added onto any already
xisting base cost of water. The three steps of the methodology
howing how to pass from the numerical simulations, realized for
his purpose of this study, to general equations are described in
ore detail below. The units used in the parameters and variables
f the equations are presented in Table 1.

eference points of operation: water withdrawal and con-
umption. The simulations include coal and natural gas plants
studied both with once-through and recirculating water-cooling
systems. The flow diagrams of the plants are shown in the Ap-
pendix of the paper. Figs. A.1 and A.2 present the plants with
closed-recirculated systems, while the plants with once-through
cooling systems do not include cooling towers. Consider the sim-
plified diagram of the cooling systems shown in Fig. 2, in which
the steam exiting the steam turbine (Stream 1) is condensed
(Stream 2; saturated water) and Streams 3 and 4 are the inlet and
outlet streams of the cooling water. The simulations are realized
for three ambient temperatures: 288.15 K, 293.15 K and 298.15 K.
In each case, the operation of the condenser is studied as part
of a once-through cooling system, as well as connected with a
cooling tower (wet-recirculating cooling system). Furthermore,
the condenser is considered to operate under seven cooling water
temperature rise values (temperature difference between enter-
ing and exiting cooling water streams in the condenser, Streams
3 and 4 in Fig. 2, respectively): 3, 5, 7, 9, 11, 13 and 15 K. A higher
cooling water temperature rise in the condenser (otherwise called
cooling range of the cooling tower) corresponds to a higher exit-
ing temperature of the cooling water (temperature of Stream 4).
The reference simulations include thus a total of 84 scenarios. The
default value of the temperature difference between the cooling
water exiting the condenser and the steam exiting the steam
turbine of the plant, i.e., the minimum temperature difference
in the condenser (difference between Streams 1 and 4 of Fig. 2),
is 4 K. For each simulation, the relative temperature increase of
water exhausted to the environment and the quantity of water
consumed resulting from the steady-state power plant operation

are calculated. The stream results of the reference points with the

2103
Table 2
Minimum and maximum temperatures of streams shown in Fig. 2 (derived from
the numerical simulations of reference points of operation).
Stream no. Tmin [K] Tmax [K]

1 290.7 309.7
2 290.7 309.7
3

Once through 283.7 290.7
Wet recirculating 286.8 295.4

4
Once through 286.7 305.7
Wet recirculating 289.8 310.4

5 288.2 298.2
6 289.2 307.4
7 283.7 290.7
8 286.8 295.4

minimum and maximum temperature rise values (3 and 15 K)
are presented in the Appendix of the paper. The minimum and
maximum temperatures assumed for the streams of Fig. 2 at the
reference points of operation are shown in Table 2.

The three ambient temperatures are applied to all air and fuel
streams entering from the environment. The inlet temperature
of the cooling water is calculated as 0.7 the temperature of the
air (Morrill et al., 2005). The effect of the ambient temperature
on the operation of the energy conversion systems is revealed
in the numerical simulations and depends on (1) the cooling
water system, (2) the type of fuel used and (3) the power plant
technology implemented.

Increasing the air and water temperatures decreases the effi-
ciency of the steam cycles of the plants: it increases the outlet
temperature of the water (for a given condenser cooling water
temperature rise) that in turn leads to a higher outlet pressure
at the exit of the steam turbine (given a constant minimum
temperature difference in the condenser). A higher pressure at
the exit of the steam turbine results in decreased power output
of the turbine that consequently decreases the overall efficiency
of the facility. In closed-loop cooling systems, the temperature
of the circulating water in the condenser depends on the wet
bulb temperature of the ambient air, which is lower than its dry-
bulb temperature. The temperature of the circulating water is
thus lower than the air temperature. Moreover, higher ambient
temperatures influence combined cycles more than coal plants,
because they have a negative effect on the operation of the
gas turbine system. Specifically, the reference point simulations
realized in this work reveal an efficiency loss in the gas turbine
of about 0.13% for every degree rise in air temperature. This is
linked to a decrease of power output of 300–360 kW for each
degree of air temperature increase.

Furthermore, higher values of the cooling water temperature
rise in the condenser also lead to a higher outlet water tempera-
ture, which in turn leads to a higher outlet pressure at the exit of
the steam turbine of the plants (constant minimum temperature
difference in the condenser). Since this affects the steam cycle
of the plant, it has a much lower effect on natural gas plants
that only generate 1/3 of their power in the steam cycles. In
this work, a decrease of approximately one percentage point in
the efficiency of a coal power plant for a ten-degree increase
in the cooling water temperature rise is found. The analogous
result in natural gas plants is found to be negligible, i.e., one
percentage point efficiency reduction for a thirty-degree increase
in the temperature rise.

Shifted points of operation: effect of cooling water temper-
ature rise and water availability. The simulations are here run
again to study the effect of two issues on the operation of the
power plants, relative to the reference simulations: (a) operation
with higher cooling water inlet temperature (water quality effect)
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Fig. 2. Schematic design of once-through (left) and closed-recirculated (right) water cooling systems, where numbered streams are referred to in the text (CT: cooling
tower).. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and (b) operation with insufficient water resources (water quan-
tity effect). These scenarios result in 126 simulations.1 Both of
hese changes of water characteristics are assumed to be caused
y the operation of the power plant itself. The total water quality
nd quantity effect on power plant operation (EQQO) is then
alculated summing up the individual water quality and quantity
ffects.
The water quality effect reflects the fact that elevated tem-

eratures of return water flow from power plants will, over a
ong period of time, impact the quality of a water reserve. The
xtent of the impact of a plant on the water depends on the
ooling technology employed, the capacity of the plant, as well as
he size and other characteristics of the water source. The high-
emperature water returned by a plant is mixed in the water
ource resulting in a moderate temperature overall. However,
ere, the aim is to account for the full impact of the plant on the
ater reserves, without accounting for external factors, like dilu-
ion effects based on environmental conditions or the size of the
ater resource. The shifted point of operation refers to the simu-

ation that assumes elevated incoming cooling water (or make-up
ater) temperature equal to that of the outlet water temperature

n the reference operation. The shifted point of operation in plants
ith once-through water cooling systems assumes cooling water

nlet temperature equal to the water exhaust temperature of the
eference point. For example, if the reference point of operation
f a plant assumes a water return flow at 22◦C, the shifted power
lant operation sets the cooling water inlet temperature to 22 ◦C.

The cooling water temperature rise and minimum temperature
difference in the condenser are kept constant and equal to those
of the reference case. Higher temperatures of cooling water force
power plants to operate at reduced loads and result in lower
efficiencies. The difference between the power output of refer-
ence and shifted points of operation constitutes the water quality
effect of the plants. The effect of increasing the inlet temperature
of cooling water in coal plants is expected to be higher than
that in natural gas, since the latter generate only part of their
electricity in the Rankine cycle.

In plants with wet-recirculating systems, the temperature of
the exhaust water flow (blowdown, Stream 8 in Fig. 1) depends
on the wet-bulb temperature of the air passing through the
natural draft cooling tower (Stream 5). Since the shifted point
of operation assumes variations in water inlet temperatures but
constant air temperatures (the only variable in the water qual-
ity effect calculations is the temperature of the cooling water),
the water quality effect is not calculated for plants with wet-
recirculating cooling systems. As was the case with increasing
ambient conditions, an increase in the inlet cooling water tem-
perature in once-through systems leads to an increase in the
exiting water temperature (assuming constant temperature rise

1 The water quality effect for plants with wet-recirculating cooling systems
s not calculated (see below for further explanation).
2104
and minimum temperature difference in the condenser). This
causes an increase in the outlet pressure of the steam turbine and
reduces the power output and efficiency of the steam cycle. The
qualitative power reduction relative to the reference simulation
in plants with once-through systems is calculated as:

∆Ẇ once
qual = ẆST ,net − Ẇ ′

ST ,net = 3.83 · ∆TCW ·
(
ṁ′

CW − ṁCW
)

⇒

∆Ẇ once
qual = 3.83 · ∆TCW ·

[(
Cfuel · ∆TCW + 1

)
· ṁCW − ṁCW

]
⇒

∆Ẇ once
qual = 3.83 · ∆TCW ·

(
Cfuel · ∆TCW · ṁCW

)
⇒

∆Ẇ once
qual =

(
B · ∆T 2

CW · ṁCW
)

(1)

with ẆST ,net and Ẇ ′

ST ,net the steam turbine power output of the
reference and shifted points of operation, respectively, ∆TCW the
cooling water temperature rise of the condenser, ṁCW and ṁ′

CW
the cooling water mass flow of the reference and shifted points
of operation, respectively, and B and Cfuel constants related to
the type of fuel used. B and Cfuel are constants introduced to
minimize the deviation of the generalized equations from the
ensemble of numerical simulations. Combined they show the
influence of ∆TCW on the relative change of power output and
cooling water mass flow. Parameter B is set here equal to 7.83×

10−3 in coal and 9.41 × 10−3 in natural gas plants (based on
numerical simulations). Cfuel is 2.04 · 10−3 in coal and 2.46 · 10−3

in natural gas plants. Two additional approximations used in the
equations above are:

Ẇ ′
tot,net−Ẇtot,net

ṁ′
CW −ṁCW

= −3.83 · ∆TCW and ṁ′

CW ≈(
Cfuel · ∆TCW + 1

)
· ṁCW .

The mass flow of circulating water flowing through the con-
enser (equal to the water withdrawn in once-through systems)
an be calculated as follows:

˙ CW =
Ẇnet (1 − A − ηPP)

ηPP · cw · ∆TCW
[in kg/s] (2)

ith, cw the specific heat capacity of water, ηPP the efficiency of
he power plant and Ẇnet the net power output of the plant. A
s a constant that represents the percentage of the energy of the
uel lost through the exhaust gases of the plant and depends on
he type of fuel used in the plant. With appropriate tuning and for
he purpose of this work, the values of A = 0.12 for coal plants
nd A = 0.24 for natural gas plants are used.
Eq. (2) is derived using the definition of the mass flow of

irculating water in the condenser as:

˙ CW =
Q̇CW

cw · ∆TCW
(3)

where, Q̇CW is the amount of thermal energy extracted using
cooling water.

The overall energy balance of the plant is: Q̇CW = Q̇F − Q̇L −
˙ net , where, Q̇F is the thermal energy input, i.e., the fuel of the
plant and Q̇L is the thermal energy lost through the flue gas
exhaust. It is assumed that the thermal energy lost through the
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lue gas exhaust is some part A of the fuel input: Q̇L = ṁfghfg =

· Q̇F . Thus: Q̇CW = Q̇F − A · Q̇F − Ẇnet = (1 − A) Q̇F − Ẇnet .
Accounting for the fact that the thermal energy input through

he fuel is equal to the ratio of net electricity generation over the
fficiency of the power plant (ηPP ), Q̇F =

Ẇnet
ηPP

, it is found that:

˙CW = (1 − A)

(
Ẇnet

ηPP

)
− Ẇnet = Ẇnet

[
(1 − A)

ηPP
− 1

]
(4)

Eq. (2) is subsequently obtained by substituting Eq. (4) into
q. (3).
The water quantity (quant) effect is based on the fact that

hermal power plant operation consumes large amounts of water
hat are not recuperated, preventing their downstream use. Water
osses from cooling systems mainly stem from evaporation. Water
vaporation requires continuous make-up water flows from a wa-
er source. This repercussion of the operation of the power plants
ay further accentuate water availability issues, affecting the
lobal water cycle. Scarce water resources have a direct impact
n the operation of the power plants, forcing them to operate
t decreased capacity and may even render their operation as
on-viable in the energy market.
The water quantity effect is defined for both once-through and

et-recirculating systems. It is here estimated by decreasing the
ooling water mass flow of the simulation (water withdrawn in
nce-through systems or water recycled in closed-loop systems)
y the total amount of water consumed in the reference case. In
hese cases, zero make-up water is assumed, while all other oper-
tional conditions are kept constant. Forcing the condenser of the
lants to operate with smaller mass flow rates of cooling water
educes the thermal extraction capacity of the Rankine cycle and
as a direct effect on the power output. The difference between
he power output of reference and shifted points of operation
onstitutes the water quantity effect of the plants. Although wet-
ecirculating cooling systems withdraw much smaller amounts of
ater than once-through systems, they consume relatively larger
uantities of water due to more significant evaporation losses in
he cooling tower (Luo et al., 2018).

The water quantity effect is calculated with equations incor-
orated into the simulations using the programming language
nterface of EbsilonProfessional. In all cases, a linear relationship
etween the power output of the steam cycle and the circulating
ater flowing through the condenser is assumed. For coal power
lants the net power output is that of the steam turbines Ẇquant =

· ẆST , while for combined-cycle power plants, it is the sum
of the power output of the gas (Ẇquant_GT ) and steam turbines:
˙ quant = ẆGT ,net +

(
E · ẆST ,net

)
. Parameter E represents the ratio

y which the theoretically decreased water amount would reduce
he power output of the steam turbine, when compared to the
eference point of operation:

=
(ṁCW − ṁCW_MU )

ṁCW
(5)

where, ṁCW is the mass flow rate of the circulating water in the
condenser in the simulation (withdrawn in once-through systems
and recycled in cooling towers) and ṁCW_MU is the mass flow rate
f water lost due to evaporation in the shifted point of operation
due to increased inlet water temperature). If not known, the
ass flow rate ṁCW (kg/s) of the cooling water passing through

he condenser can be approximated using Eq. (2).
In power plants with once-through systems, parameter E of

he shifted point of operation is more accurately defined as:
ṁ′

CW −(ṁ′
CW ·fcons)

ṁ′
CW

. The power output in this case, is thus calculated
as:

Ẇ ′′

ST ,net =
ṁ′

CW −
(
ṁ′

CW · fcons
)

′
Ẇ ′

ST ,net = (1 − fcons) · Ẇ ′

ST ,net (6)

ṁCW

2105
with, fcons the percentage of water consumed/lost in the plant,
Ẇ ′

ST ,net the net power output of the steam turbine in the shifted
point of operation (with increased inlet cooling water tempera-
ture) and Ẇ ′′

ST ,net the net power output of the steam turbine in the
shifted point of operation (also with decreased water availability).

Thus, the quantitative reduction in power output is:

∆Ẇ once
quant = ẆST ,net − Ẇ ′′

ST ,net = ẆST ,net − (1 − fcons) · Ẇ ′

ST ,net ⇒

∆Ẇ once
quant = B · ∆T 2

CW · ṁCW (1 − fcons) +
(
fcons · ẆST ,net

)
(7)

with, the product ṁCW · fcons representing the total amount of
water consumed. Thus, the total of quality and quantity effect of
water use on power plant operation (EQQO) with once-through
water cooling system is:

EQQOonce
= ∆Ẇ once

qual + ∆Ẇ once
quant

= B · ∆T 2
CW · ṁCW (2 − f cons) +

(
f cons · Ẇ ST ,net

)
(8)

In the case of wet-recirculating water-cooling systems, the
make-up water balances the blowdown loss (related to water
in the air used in the cooling tower) and the drift loss fraction
(related to the recirculating water stream). To estimate the water
quantity effect, the Ẇ ′

ST ,net is defined as follows:

Ẇ ′

ST ,net =
ṁCW − ṁ′

MU

ṁCW
ẆST ,net =

[
1 −

ṁ′

MU

ṁCW

]
· ẆST ,net (9)

In this case, the error is small, allowing the assumption that
the differences between the make-up water flows of the ref-
erence and shifted simulations are negligible: ṁMU = ṁ′

MU .
Thus, assuming that ṁ′

MU = (1 + 0.0015 · ∆TCW ) · ṁMU and
ṁMU =

(
1.35 · 10−3

· ∆TCW + 0.012
)
, it is derived that ṁ′

MU =(
1.35 · 10−3

· ∆TCW + 0.012
)
·ṁCW . The quantitative power effect

is then found to be (ẆST ,net − Ẇ ′

ST ,net ):

∆Ẇ CT
quant =

ṁ′

MU

ṁCW
· ẆST ,net =

(
1.35 · 10−3

· ∆TCW + 0.012
)
· ẆST ,net

(10)

The EQQO when wet-recirculating water-cooling systems are
used (labeled with CT) is thus equal to the quantitative power
effect:

EQQOCT
= ∆Ẇ CT

quant =
(
1.35 · 10−3

· ∆T CW + 0.012
)
· Ẇ ST ,net

(11)

The cost of water impacts, COWI. What defined here as the
cost of water impacts (COWI) is based on known or easily esti-
mated operational parameters. The power reduction at the shifted
points of operation (with higher temperature or unavailability
of cooling water) is herewith linked to an economic expendi-
ture. COWI is based on mathematical expressions of power plant
operation and it is formulated using the results of the detailed
numerical simulations presented above. In essence, the COWI
represents the economic loss of a plant from electricity that
would be lost under new background conditions (shifted points
of operation) that account for the power plant’s impact on the
water resource. The multiplication of EQQO with the appropriate
(regional) levelized cost of electricity (COE) represents the theo-
retical economic loss of the plant from electricity lost, i.e., not sold
in the market due to imposed (theoretical) deterioration of the
water resource. COWI needs to be added to any already existing
base cost of water and can be imposed on the plant as a penalty
for water use, i.e., it provides the cost of water impacts for a more
just reflection of water use in the markets.
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Fig. 3. Variation of the COWI as a function of the cooling water temperature rise, with different minimum temperatures in the condenser (top panels) and power
plant efficiency (bottom panels). Left panels refer to coal plants and right panels to natural gas plants. Note the different ranges in the vertical axes (the figures are
based on the general equations that are independent of the inlet ambient temperature).
COWI is calculated as:

OWI =
COE
Ẇin,tot

· fws · EQQO [e/MWh] (12)

here, COE is the levelized cost of electricity and Ẇin,tot is the
net power output of the reference point of operation of the plant.
fws is a simple water scarcity factor extracted from linking the
ratio of freshwater withdrawal to available flow (WTA) (Zhang
et al., 2018). The water scarcity factor is introduced as an addi-
tional scaling of the impact of the power plant operation onto
the environment. This factor accounts for the fact that a more
vulnerable environment (with a high water scarcity factor) will
be affected more severely by the operation of the plant. Overall
higher values of COWI, due to higher power reduction and higher
revenue loss, show a stronger effect of power plant operation
on water resources and, vice versa, a stronger impact of water
restrictions to the operation of the power plant.

Eqs. (8) and (11) are generalized equations that can be used
for the calculation of COWI (Eq. (12)) of similarly operating power
plants.

3. Results

3.1. Effect of operational conditions on the COWI: efficiency, temper-
ature rise and minimum temperature difference in the condenser

The basic parameters used in the reference points of operation
and the general equations presented above are shown in Table 3.

The main parameter affecting the COWI is the temperature
increase of the cooling water in the condenser, i.e., the cooling
water temperature rise of the condenser. The relationship be-
tween the COWI and the temperature rise is linear (see Fig. 3).
A higher temperature rise will lead to an increase of the outlet
pressure of the steam turbine (to keep the minimum temper-
ature difference in the condenser fixed) and will subsequently
cause a significant decrease in the power output of the plant.
Furthermore, although a plant with a higher temperature rise
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Table 3
Basic parameters of general equations (efficiencies derived from the numerical
simulations of reference points of operation).
Natural gas plant efficiency 54%

Relative power output
(steam over gas turbines in
the combined cycle)

31%

Coal plant efficiency 36%

Water consumed in
once-through cooling (fcons)

0.02 (2% of the water flows through
condenser)

Water stress factor Six categories from 1 to 6. 1 for low
WTA ratio (<0.1), 2 for low to
medium (0.1–0.2), 3 for medium to
high (0.2–0.4), 4 for high (0.4–0.8), 5
for extremely high (>0.8) and 6 for
arid and low water use (defined for
areas with available blue water and
water withdrawal of less than 0.03
and 0.012m3m−2yr−1 , respectively).

allows the use of less cooling water, it may cause an overall higher
quality impact on the water resource due to the higher exhaust
temperature of the water used.

The influence of the cooling water temperature rise on the
COWI is found to be significantly stronger in the case of power
plants with once-through cooling systems and coal plants. Over-
all, an approximately threefold increase in the COWI for a fivefold
increase in the cooling water temperature rise of the condenser
is estimated (modified from 3 to 15 K). Specifically, the COWI for
power plants with once-through cooling water systems is esti-
mated to be between 3.94 and 4.03 e/MWh in coal and between
1.26 and 1.33 e/MWh in natural gas plants (varies with varying
water inlet temperature), when the temperature rise increase is
3 K, while it is close to three times higher for a temperature rise
of 15 K (11.19–11.45 e/MWh for coal and 3.66–3.87 e/MWh for
natural gas plants, respectively). This implies an increase of more
than 0.6 and 0.2 e/MWh per degree of increase of water return
temperature for coal and natural gas plant, respectively.
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Fig. 4. Variation of the COWI with cooling water temperature rise and air temperature (Tin) in coal (left panel) and natural gas plants (right panel) with
et-recirculating (CT) and once-through (once) cooling water systems (assuming default Tmin = 4K ).
Two other important parameters in the calculation of the
COWI, are the minimum temperature difference in the condenser
and the operational efficiency of the plants.

The minimum temperature difference in the condenser af-
fects the outlet pressure of the steam turbine. In this way, a
smaller minimum temperature difference in the condenser could
dissipate part of the effect of the variation of the cooling wa-
ter temperature rise has on the outlet pressure of the steam
turbine. This effect is only accounted for in power plants with
once-through systems. In plants with closed-recirculating water
systems, the effect was found to be negligible. In this case, the
effect depends on the ratio between the make-up and cooling
water mass flow rates and the power output of the plant (see
Eq. (10) of Methods). If constant power output is assumed, the
variation of the ratio of the two mass flow rates is minimal. For
example, if a lower minimum temperature difference is allowed
in the condenser, a higher outlet temperature of the cooling
water is automatically allowed. This larger increase in water
temperature would mean a decrease in the required circulating
cooling water in the condenser and a lower make-up water flow.
Thus, it is assumed that the EQQO of plants with wet-recirculating
cooling systems remains unaffected. As shown in Fig. 3, the COWI
increases with increasing cooling water temperature rise of the
condenser. Small minimum temperature differences decrease the
effect of cooling water temperature rise variations on the calcu-
lated COWI (the slope becomes less steep, and the lines converge
for a smaller temperature rise).

The variation of the efficiency of the plants has a similar effect
on the calculated COWI as the minimum temperature difference.
The effect of the cooling water temperature rise decreases with
increasing overall efficiency (slope becomes less steep). The slope
for plants with wet-recirculating systems is independent from
the efficiency of the plant. The relative effect of a change in
the temperature rise in a plant will thus be practically similar
in two plants with different efficiencies. A change in the oper-
ational efficiency in plants will cause the same change in the
mass flow rate of cooling water in plants independent of their
cooling system. In plants with once-through systems, however,
this would imply a direct increase of their quality and quantity
impact and, consequently, EQQO. As mentioned previously, in
plants with wet-recirculating systems, the EQQO depends on the
ratio between the make-up and cooling water mass flow rate and
the power output of the plant and it can be considered practically
negligible. The total effect of the cooling water mass flow in the
case of plants with recirculating systems is thus lower. If the
2015 reported COE of UAE and Germany (90 and 150 E/MWh)
is assumed, for example, a COWI 67% higher for Germany than

for UAE is found (Statista, 2018).
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3.2. Effect of cooling water inlet temperature on the COWI

Fig. 4 shows the COWI of coal and natural gas plants with
once-through and wet-recirculating systems with varying inlet
water temperature and cooling water temperature rise. The COWI
(Eq. (12)) depends on the ratio EQQOonce/CT

Ẇin_tot
. Increasing the inlet

water temperature thus decreases the efficiency that in turn
increases the COWI (Fig. 4). However, it is seen that this single
change does not result in notable changes. It should be noted
that if the shifted points of operation accounted for the variation
of all ambient streams (including the air temperature), the effect
on the operation of the power plants would be much stronger.
However, it was intentionally chosen to account solely for the
effect of the water temperature on the operation of the plant
and to not include other byproducts of what could be considered
potential climatic change impacts. Since our simulations show
that the effect of the variation of the inlet temperature of the
cooling water is rather small, it is not accounted for in the general
equations.

3.3. Effect of regional factors on the COWI: cost of electricity and
water stress

Two parameters that influence the calculated COWI signifi-
cantly are the COE and the water stress factor. The specific effect
of the variation of these two parameters can be seen in Fig. 5.
The variation of the COWI is of the same order of magnitude
as the variations of COE and water scarcity factor. For example,
doubling the COE or water stress factor will cause a doubling
of the COWI. The relationship between coal and natural gas
plants remains unchanged, with coal resulting in approximately
three times higher COWI than natural gas plants. The same is
true for the relationship between plants with open loop and
wet-recirculating systems.

The two parameters studied here depend on regional reg-
ulations and they provide a better representation of regional
conditions when considered together. Fig. 5 shows the variation
of the levelized COE in the range of 90–150 e/MWh. When also
accounting, however, for the water stress of each region, the re-
sults change. According to the World Resources Institute (Gassert
et al., 2013), Germany is characterized with a water stress factor
of 3 (numbering accounting for an additional initial level (Statista,
2018), while the UAE is linked with the maximum stress factor of
6. The combination of both the COE and WS would result in an
overall 20% higher COWI for UAE, when compared to Germany.
Two regions with equal ratios of COE and water stress factors will
have equal COWI.
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Fig. 5. Variation of the COWI with assumed COE (top panels) water stress factor (bottom panels) and cooling water temperature rise. Left panels refer to coal plants
and right panels to natural gas plants (the figures are based on the general equations that are independent of the inlet ambient temperature and assume default
Tmin = 4K ).
Fig. 6. Graphical representation of the errors of the generalized equations relative to the analytical numerical simulations, including linear fits to aid comparison.
Plants with once-through water-cooling systems are shown in the top panels and plants with wet-recirculating systems in the bottom panels. Left panels refer to
coal and right panels to natural gas plants.
4. Error analysis of the mathematical simplification of the
generalized equations

The generalized equations, Eqs. (8), (11) and (12), approximate
he results of the ensemble of detailed simulations of coal and
atural gas plants, and are thus subject to error quantified here
Fig. 6). Fig. 6 is based on a reference inlet ambient temperature
air and fuel) equal to 20 ◦C. As seen, the magnitude of the
rror of the general equations increases for higher cooling water
emperature rise of the condenser and inlet temperatures of the
ooling water.
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The error analysis results in lower values when the ambient
temperature is lower and it is also kept at lower levels for coal
plants, when compared to natural gas plants. Nonetheless, the er-
ror between the general equations and the real numerical results
is not seen to surpass 6% in any case.

5. Conclusion

Our methodology defines the COWI, the cost of water impacts
that can incentivize the more sustainable and responsible use
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Fig. A.1. Flow diagram of the natural gas plant.
Fig. A.2. Flow diagram of the coal plant.
Table A.1
Stream results for the coal plants with ambient temperatures 15, 20 and 25 oC with wet-recirculating (columns
marked green) and once-through (columns marked orange) cooling systems. The temperature rise in the condenser
is 3K.
of water resources in the energy sector. The extent of the esti-
mated cost depends on basic operational characteristics of the
studied power plant. Our calculations, considering the default
values shown in Table 3 of Methods, show that the COWI can
significantly increase the annual costs of a plant. To conceptualize
2109
and weigh the influence of all studied parameters on the calcu-
lated costs, an example of two 400 MW plants operating with
coal and natural gas, respectively, both with a capacity factor of
85% (7446 h per year) and electricity generation of 2978 GWh
per year has been considered. It should be mentioned that the
calculated costs would change significantly for a different set of
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Table A.2
Stream results for the coal plants with ambient temperatures 15, 20 and 25oC with wet-recirculating (columns
marked green) and once-through (columns marked orange) cooling systems. The temperature rise in the condenser
is 15K.
Table A.3
Stream results for the natural gas plants with ambient temperatures 15, 20 and 25 oC with wet-recirculating
(columns marked green) and once-through (columns marked orange) cooling systems. The temperature rise in
the condenser is 3K.
Table A.4
Stream results for the natural gas plants with ambient temperatures 15, 20 and 25oC with wet-recirculating (columns
marked green) and once-through (columns marked orange) cooling systems. The temperature rise in the condenser
is 15K.
default values, i.e., the calculated COWI is a plant-specific value
that depends on plant performance and regional characteristics.

The cooling water temperature rise in the condenser is the
ain parameter that dictates the COWI of the plants. A COWI

n the range of 4.0–11.3 e/MWh for coal and in the range of
1.3–3.7 e/MWh for natural gas plants with once-through systems
is calculated, respectively. This price for the water used, would
mean an additional annual cost of 11.9–33.6 and 3.9–11.0 million
euro in coal and natural gas plants, respectively. The resulting
specific COWI for power plants with wet-recirculating systems is
two to three times lower than that of power plants with once-
through systems. This is due to the much smaller quantities of
2110
water withdrawn in these cases. For coal power plants the COWI
is in the range of 1.8–3.5 e/MWh, while for natural gas plants it is
between 0.6–1.1 e/MWh (the cost varies with the cooling water
temperature rise of the condenser). These cost ranges would
result in an annual cost of 5.4–10.4 and 1.8–3.3 million euro for
coal and natural gas, respectively, a cost significantly lower than
that of plants with once-through cooling systems.

Regional characteristics are fundamental to calculating the
cost of water impacts. The two characteristics singled out in this
work are the levelized cost of electricity and the water stress
factor. The difference in the COE, for example, between Germany

and UAE (90 and 150 e/MWh) (Statista, 2018) would lead to an
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dditional annual cost related to water use of 178.7 million Euro.
ur baseline calculations of COWI, assume a water stress factor of
(low water stress level). A transition from a water stress level of
low-to-medium ranking (level 3) to the level of medium-to-high
level 4) would be equivalent to a 33% increase in the COWI. This
ould result in an increase in the COWI of 2.2 e/MWh for the coal
lant with once-through system (COWI: 8.6e/MWh, for a cooling
ater temperature rise of 5 K) and an increase of 0.2 e/MWh

for the natural gas plant with a recirculating system. The annual
costs of the coal and natural gas plants would thus be increased
by e6.6 million and e595.600, respectively. Today a large part of
Europe is characterized by water stress levels of 4–6 (medium-
to-high–extremely-high). This would result in COWI four to six
times higher than the baseline results presented in this paper and
would significantly increase the contribution of the COWI to the
annual costs of the plants.

The minimum temperature difference in the condenser (stud-
ied only for plants with once-through cooling water systems) and
the plant efficiency have a secondary impact on the calculation
of the COWI, mainly because of the smaller range of plausible
variability of these parameters. A 50% increase in the minimum
temperature difference from the default value (blue line in Fig. 2)
leads to a higher COWI, which would, for example, mean a total
additional annual cost of e113,164 in the case of the natural gas
plant (for a cooling water temperature rise of 7 K). A 20% decrease
in the efficiency of the plant, would be linked to a total additional
annual cost of e1.8 million in the case of the natural gas plant
(for a cooling water temperature rise of 7 K). These costs would
be three times higher for the analogous coal plant.

Lastly, it is also found that the cooling water inlet tempera-
ture does not influence the COWI strongly. It should be noted,
however, that if the shifted points of operation accounted for the
variation of all ambient streams (including the air temperature),
the effect on the operation of the power plants would be much
stronger. Nevertheless, it is intentionally chosen to isolate the
effect of the water temperature on the operation of the plant and
it should not be compared or confused with the influence of inlet
water temperature in climate change scenarios.

The general equations defined in this paper allow, first, the
straightforward and objective calculation of water cost in dif-
ferent plants and, second, the evaluation of the impact different
parameters have on the calculated costs. A linear relationship be-
tween the COWI and the water temperature rise in the condenser
exists because a linear relationship between the power output
of the steam cycle and the circulating water flowing through
the condenser has been assumed. The simulations are realized
in the design mode of the software, without accounting for the
non-linear part-load operation of the components. This was re-
alized to make the individual simulations independent from a
parent profile and to allow the design of each scenario for the
corresponding specific starting conditions. The robustness of the
proposed method is supported by the small errors compared to
detailed simulations.
 t
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Nomenclature

Abbreviations
COE cost of electricity
COWI cost of water impacts
CT cooling tower
CW cooling water
EQQO
ST steam turbine
UAE United Arab Emirates
WTA withdrawal to available flow

Symbols
A, B, C constants
f factor
c specific heat capacity ()
ṁ mass flow rate (refers to the reference

point of operation)
ṁ′ mass flow rate (refers to the shifted

point of operation)
η efficiency
Q̇ thermal energy
T temperature
Ẇ net power output (refers to the

reference point of operation)
Ẇ ′ net power output at shifted points of

operation, i.e., with increased inlet
cooling water temperature

Ẇ ′′ calculated net power output with
reduced water availability (based on
the shifted points of operation)

∆T temperature difference
∆Ẇ change in power output

Superscripts/subscripts

cons consumption
in refers to the reference point of

operation
net net (power output)
L loss
min minimum
mu make-up (water)
F fuel of the plant
PP power plant
qual quality
quant quantity
tot total
w water
ws water scarcity
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ppendix

This appendix presents the flow diagrams of the power plants
tudied as simulated in the software EbsilonProfessional and the
tream results of the simulations for the minimum and maximum
emperature rise in the condenser: 3 and 15 K.

See Figs. A.1 and A.2 and Tables A.1–A.4.
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