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Abstract
Purpose Thermal emissions from electric power generation
plants can lead to environmental impacts. However, such
emissions have neither been comprehensively integrated in
life cycle assessment (LCA), a method to quantify environ-
mental impacts throughout the life cycle of a product, nor in
water footprinting. This study presents a spatially explicit (0.5
arc degree resolution) fate and effect model for assessing the
impact of thermal emissions from power production in the
USA on freshwater ecosystems.
Methods We developed a two-step regionalized fate model to
capture short-range and long-range thermal effects. Effect fac-
tors were derived as a function of ambient temperature and
used in conjunction with the fate factor to calculate the im-
pacts. The impacts are measured as the potentially disappeared
fraction (PDF) of species in the affected freshwater ecosystem
volume over time.
Results and discussion The long-range freshwater ecosystem
impacts are dependent on the distance to sea as well as the
ambient temperature, while the short-range effects are mainly
influenced by the induced temperature change at the point of
mixing. Our analysis showed that 95 % of the modeled grid

cells in the USA have an impact of 2.5×10−6 to 2.5×
10−4 PDFm3 years per MJ emitted heat. For natural gas power
production, thermal pollution can have a significant contribu-
tion to total freshwater ecosystem quality.
Conclusions This study shows that thermal effects can be cal-
culated on a spatially explicit level based on background data.
It reveals the variability within a large region of the world,
covering various geographic regions, and therefore helps gen-
eralizing the results for other regions.

Keywords Heat impacts . Inventory . Power production .

Thermal emissions .Water footprint

1 Introduction

The environmental impact of industrial operations is a topic
that is increasingly being studied. Quantitative assessments of
greenhouse gases (GHGs) and other emissions have been per-
formed using methods such as life cycle assessment (LCA,
ISO 2006) and carbon footprints (Finkbeiner 2009; ISO
14067 2013).While well-established indicators exist for quan-
tifying many impact categories such as global warming and
fossil resource consumption, internationally accepted metrics
for impact assessment on water ecosystems are still limited
(JRC 2011). These metrics are also subject to high spatial
variability (Kounina et al. 2013). The impacts of substance
emissions to water have been characterized by many sophis-
ticated models (JRC 2011). However, there is still a lack of
proper assessment of heat releases and anti-fouling chemicals
that are encountered especially in thermal power production.
Impact assessment of thermal emissions from power produc-
tion is only available for a specific case study, whereby a
detailed model was used to calculate excess heat concentra-
tions (i.e., temperatures) along the course of a river for a
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specific nuclear power plant situated in Switzerland (Verones
et al. 2010). In order to perform a rigorous assessment of heat
releases, more widely applicable characterization factors
(CFs) must be calculated to enable practitioners to carry out
impact assessment of all emissions. It is important to note that
such a CF is very site-dependent since natural water temper-
ature, distance to sea, and river flow are key influencing fac-
tors (Verones et al. 2010). A global water temperature model
has recently been published (van Vliet et al. 2012), but the
results are only available for a few watersheds.

We chose case studies of thermal power generation using
coal and conventional natural gas to investigate the applica-
bility of the proposed methodology. Freshwater heat releases
from cooling systems are just one of the environmental im-
pacts of thermal power generation. This is why we also
modeled other freshwater impacts, allowing us to relate the
relevance of thermal emissions, as well as that of the supply
chain of power production systems. We provide water foot-
print results that are in line with the ISO 14046 standard (ISO
2014). Currently, no study provides fate and effect models for
assessing the impacts of thermal emissions on a spatially ex-
plicit level. Here, we also evaluate the water consumption
impacts due to thermal power production. This is important
since most options other than once-through for cooling in
large-scale plants lead to high water consumption
(evaporation) and therefore reduced water availability down-
stream. In a similar context, a recent study analyzed the water
availability for power production, specifically examining the
differences between cooling tower and once-through cooling
systems, but they did so from a regional ecosystem service
perspective (Miara et al. 2013).

The main goal of this work is to develop an impact assess-
ment method with the corresponding CF to address water-use
related environmental impacts within LCA and water
footprinting. Additionally, the relevance of thermal emissions
in US power production has to be assessed in order to com-
municate environmental tradeoffs and general learnings. We
analyze (1) the fate of the thermal emissions in a river until the
outflow to the sea, (2) the effect of the thermal emissions in the
river, and (3) the results of applying the fate and effect factors
together with other CFs to determine the contribution of ther-
mal emissions from coal and gas power plants to overall im-
pacts on ecosystem quality in a spatially explicit LCA or water
footprint study.

2 Methods

2.1 Case study

In this work, we analyze water-related impacts due from elec-
tricity generation from the latest build coal and natural gas
plants (∼500MW) in the USA. In addition to thermal impacts,

we also consider freshwater eutrophication, freshwater
ecotoxicity, and freshwater acidification impacts (which are
degradative impacts) and water consumptive effects. The
functional unit used is 1 kWh of power production. Details
on these power plants and their supply chains are provided in
the Supplementary Material.

2.2 Impact of US coal and gas power production

For testing the relevance of heat release in power production,
we analyzed life cycle impacts per kWh electricity delivered
from state-of-the-art gas and coal power production in the
USA. For this purpose, data from the NEEDS project on
state-of-the-art production (Bauer et al. 2008) is updated with
ecoinvent 2.2 data (ecoinvent 2010) including the updated life
cycle inventories and emissions for the supply chain.
Additionally, the cooling system was modeled explicitly in
order to distinguish between once-through cooling vs. cooling
tower systems. We balanced the heat emissions and water
consumption separately for these technologies. The minor
heat emission of power plants operating with a cooling tower
in our model is mainly caused by treatment of the blowdown
and is a conservative estimate. Inventory for coal was adjusted
to US conditions, separating the origins and chemical compo-
sition of coal in the different electricity networks of the USA
(North American Electric Reliability Corporation (NERC)),
based on typical coal sourcing patterns. Details are provided
in the Supplementary Material.

We extended the research on assessing the impacts of ther-
mal release from a specific nuclear power plant in Switzerland
(Verones et al. 2010). Based on this study, we derived a ge-
neric fate model for the US power generation case studies by
(1) creating a 0.5 arc degree grid model (∼50-km resolution)
that includes data on relevant water body temperatures, river
discharge, river width, flow velocity, and distance to sea. The
effect model that characterizes the impact of elevated temper-
atures on aquatic ecosystems (Verones et al. 2010) was used
and adjusted to two different climatic zones.

Thermal emissions to freshwater have highly non-linear
effects. Therefore, we assessed both the amount of heat energy
released as well as the heat concentration in the river (i.e., the
temperature). The fate factor describes the temperature change
in the system (a volume of water) during the residence time of
an emission (heat). As there is no decay for heat, only transfers
to other environmental compartments (soil, groundwater, and
air in our case) need to bemodeled. Verones et al. (2010) show
that steep temperature gradient changes are mainly relevant
within a few kilometers from the point of emission, since
additional water mixing at farther distances leads to dilution
of the heat and small temperature changes. We divided the
river into separate sections and modeled the residence time
of the excess energy in the river stretch, accounting for losses
to air along the distance traveled to the sea (EAWAG 1997)
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and neglecting exchanges with the sediment. This simplifica-
tion led to a two-step approach: the development/calculation
of (1) non-linear, temperature-based factors for local fate
(FFlocal,i) and effect (EFlocal,i) in the model cell of heat release
i and (2) energy-based factors for fate (FFriver,i) and effect
(EFriver,i) downstream of the cell of heat release until the river
mouth (Fig. 1). The characterization factor (CFi) for thermal
emissions in each grid cell i was calculated as:

CFi ¼ FFlocal;i � EFlocal;i|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
CFlocal;i

þ FFriver;i � EFriver;i|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
CFriver;i

ð1Þ

CFlocal,i is the factor summarizing fate and effect in the grid
cell of thermal emission and needs to be calculated as a func-
tion of the emission rate, while CFriver,i is a linear combination
of FFriver,i and EFriver,i for downstream effects.

2.3 Fate factor on local level

The local fate factor (FFlocal,i) of the heat release grid cell must
include the water flow (Q, based on Fekete et al. 2002 and
shown in Fig. S1, Electronic Supplementary Material) to cal-
culate the excess temperature after mixing (dTi):

dTi ¼ Ecooling

Qi � ρ� cp;water
;

Ecooling ¼ M J

s

� �
; Qi ¼

m3

s

� �
ρ ¼ 1:00

Mg

m3
; cp;water ¼ 4:18

J

g K

ð2Þ

We calculated the impacts based on the heat emission rate
from cooling (Ecooling) for 500-MW coal and gas power plants
with thermal efficiencies of 45 and 57.5 %, respectively, as

described in the Supplementary Material. The residence time
τres,i is calculated for each grid cell by dividing the average
river travel distance within a 0.5 arc degree cell (∼50 km as
described in the Supplementary Material) by the flow velocity
(vi). vi is calculated as a function of Qi based on an empirical
equation (Allen et al. 1994):

vi ¼ 1:067� Qi
0:1035 ; vi ¼ m

s

h i
; Qi ¼

m3

s

� �
ð3Þ

τ res ¼ 5� 104m

vi
; τ res ¼ s½ �; vi ¼ m

s

h i
ð4Þ

FFlocal,i [(K m3 s)/MJ] is consequently calculated as follows:

FFlocal;i ¼ dTi � τ res � Qi � tMJ

¼ Ecooling � 5� 104

ρ� cp � 1:067� Qi
0:1035 � tMJ ð5Þ

where tMJ is the time required to emit one MJ of heat (as a
function of the power plant efficiency and productivity):

tMJ ¼ 1

Ecooling
ð6Þ

As a consequence, the fate factor is independent of the heat
emission rate. However, as the effect function is non-linear,
we need to assess the fate and effect in a combined way and
therefore need to calculate dT, which is a function of Ecooling,
as an input for (EFlocal,i). Hence, Ecooling is a required inven-
tory parameter.

2.4 Fate factor for river

For the long-range plume calculation (downstream of the re-
lease grid cell), the remaining part of the fate factor (FFriver,i) is
calculated based on small temperature increases. We assume
mixing below a critical dT (0.5 °C, common factor based on
Verones et al. (2010)) for the long-range effect. Therefore, it is
not necessary to calculate dT in downstream cells as we can
use the derivative of the effect function curve (marginal effect
at the ambient temperature plus 0.5 °C).

The impact is therefore calculated through the residence
time of the excess heat in the river, that is, by dividing the
distance to sea by the flow velocity and accounting for heat
dissipation. The distance to sea was calculated based on flow
characteristics in ArcGIS (ESRI 2007) and the estimate of
river flow length per grid cell (Fig. S2, Electronic
Supplementary Material). The 50-km travel distance in the
release cell was deducted from the total distance to sea, as it
is addressed in the short-range impacts.

The residence time (τres,river,i) of the river water from the
point of release i to the sea was calculated by dividing the
distance to sea (xsea) by vi. Lakes and other types of storage

Fig. 1 Overview of the approach used in this study.Blue boxes are model
components, red dashed boxes are omitted elements, and green dashed
boxes indicate the model inputs
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such as dams have not been included in the analysis, which is
a simplification in the approach. In lakes, stratification leads to
a mixture of temperature that is very complex, and the heat
exchange due to increased surface area is different from rivers,
which are at the focus of this research. The average heat re-
maining in the system until reaching the sea is calculated by
applying the equilibrium temperature approach for rivers
(EAWAG 1997, Deas and Lowney 2000):

xa ¼ Q� ρ� cp
b� AT

¼ v� d � ρ� cp
AT

ð7Þ

where xa [m] is the exchange distance after which the heat
content remaining in the river is at 37 % (=e−1) of the initial
release, b [m] is the mean river width, d [m] the mean river
depth, and AT [W/(m2 K)] the heat exchange rate. Based on
our literature review (Supplementary Material), we chose an
AT of 30 W/(m2 K). We replaced Q/b by v*d, where d was
taken to be 5 m based on Verones et al. (2010) and USEtox
(Rosenbaum et al. 2008); we then tested the sensitivity of the
results for depths of 2 and 12.5 m.

We were also able to calculate the heat dissipation at any
distance x from the point of heat release and quantify explic-
itly the energy left in the water at distance x (Heatriver).
Consequently, the heat remaining in the water at the river
mouth is calculated as:

Heatriver ¼ exp
x� AT

d� cp � v� ρ

� �
; Heatriver; sea ¼ exp

xsea � AT

d� cp � v� ρ

� �
ð8Þ

The average energy content factor for the volume of fresh-
water from the point of release until the sea (Heatriver,AVG,i) is
the integral of Heatriver from the point of emission (x=0) to sea
(x=xsea,i), divided by the distance xsea,i:

Heatriver;AVG;i ¼

Z xsea;i

0
Heatriver

xsea;i

¼
−
d � cp � v� ρ

AT

� �
exp −

xsea;i � AT

d � cp � v� ρ
−1

�� �
xsea;i

ð9Þ

Consequently, the fate of heat emission in the river (FFriver,i
[(K m3 s)/MJ]) can be calculated as:

FFriver;i ¼ tres;river;i
cp � ρ

� Heatriver;AVG;i ð10Þ

2.5 Effect factor

The effects were determined by taking into account the ambi-
ent river temperature, the temperature rise of the river water

after heat release into the river (dT), and the effect function,
which is established with temperature tolerance intervals of
different species (TTI) as explained below. Based on the meth-
od by Verones et al. (2010) and considering temperature
curves in the USA, effects during the 3 months of highest
water temperature (July, August, and September) were as-
sumed to cover 30–70 % of annual impacts (that is, ∼50 %
impact during 25 % of the year). Therefore, the EF calculated
for these months (EFpeak season) were estimated to be double
the annual average impact of heat releases (EFannual).

2.6 Ambient river temperatures

River temperature is a critical environmental parameter, which
is not available with high spatial coverage. We retrieved water
temperature measurement data from 1907 stations for the US
rivers (USGS 2011) (locations are shown in Fig. S5,
Electronic Supplementary Material). The locations have been
plotted on a map, and by applying the kriging method in the
ArcGIS (ESRI 2007) software, temperature data was interpo-
lated over the entire USA. Kriging also provides uncertainty
estimates as shown in shown in Fig. S5 (Electronic
Supplementary Material). Since the water temperature mea-
surements are not well distributed over the USA, we addition-
ally used water temperature estimates based on generic water/
air temperature ratios to improve data quality. A map of air
temperatures in July (WorldClim 2011) (Tair,Jul), presented in
the Supplementary Material (Fig. S6, Electronic
Supplementary Material), is linked to the average water tem-
peratures for July–September (Twater,Jul–Sep [°C]). Through re-
gression analysis, a model including uncertainties was de-
rived:

Twater; Jul‐Sep;i ¼ 0:919� T air; Jul;i þ 0:551�C ð11Þ

Results from kriging and air temperature regression were
combined based on their uncertainty information in each grid
cell to estimate an average value which represents the median
value of the combined cumulative distribution function for the
water temperature of July to September (Twater,peak season [°C]).
The river temperature in each grid cell was calculated as a
weighted sum of two temperature estimates: temperature cal-
culated by interpolating the estimates from measurement sta-
tions (with an average weighting factor of 62 %) and a water
temperature derived based on air temperature estimates (with
an average weighting factor of 38 %). Details are presented in
the Supplementary Material.

2.7 Heat effect curve

The effect of increased river temperature on the ecosystem
was assessed based on the temperature tolerance interval
(TTI) of aquatic species (including fish, molluscs, meduzosa,
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crustacean, and annelida) provided in the background data of
de Vries et al. (2008) and Verones et al. (2010). TTI is the
temperature increase at which 50 % of the assessed species
survive and is a function of the ambient water temperature.
Using average TTI (μTTI,r) and its standard deviation (σTTI,r)
of the species pool in each climate region r, we built a species
sensitivity distribution curve (SSDr) following a normal
temperature-response function. σTTI,r was set to 5 °C based
on de Vries et al. (2008). This curve was used to calculate the
effects in the grid cell of release (EFlocal,i) considering the
difference of potentially disappeared fraction of species
(PDFr) at ambient water temperature Ti and temperature with
thermal emission (Ti+dTi). For EFriver,i, the change in PDFr
due to marginal temperature changes was calculated as:

dPDFr
dT

¼ −μTTI;r

δTTI;r �
ffiffiffiffiffiffi
2π

p � exp −
1

2

−μTTI;r

δTTI;r

� �2
 !

ð12Þ

μTTI,r is a function of water temperature Ti: based on regres-
sion coefficients μa,r and μb,r:

μTTI;r ¼ μa;r � Ti þ μb;r ð13Þ

Species sensitivities (TTI) are reported for subtropical and
temperate climates (de Vries et al. 2008). However, this clas-
sification might not reflect situation at the edge of a climate
zone, and therefore, we applied a function for mixed climates
(using all species) in addition to temperate and tropical re-
gions. For sensitivity analysis, we also built a PDF curve with
the average of the three specific curves. Tropical and temper-
ate PDF curves were allocated to watershed and grid cells
based on climate zones (Fig. S7, Electronic Supplementary
Material).

2.8 Combining different freshwater ecosystem impacts
in LCA

While power production is mainly assessed by its global
warming potential, water-related impacts might play a signif-
icant role in the profile of environmental impacts. Besides
environmental impacts of cooling water release, we also con-
sider effects of emissions and water consumption on freshwa-
ter ecosystems in order to analyze trade-offs and to identify
hotspots including those in the supply chain. We combined
state-of-the-art LCIA methods (JRC 2011): we employed
ReCiPe (Goedkoop et al. 2009) for eutrophication and
USEtox (Rosenbaum et al. 2008) for ecotoxicity. For water
consumption, we used the method from Pfister et al. (2009),
which is spatially explicit on a watershed level. We also de-
veloped NERC-specific CF for comparing power production
of different US electricity grids. For freshwater acidification,
we apply the methods of Roy et al. (2014) and IMPACT
2002+ (Humbert et al. 2012). We transform all impacts to

endpoint impacts (measured in PDF m3 years) in order to
compare the different impacts on aquatic ecosystems. There
are a number of assumption and gaps in using this approach.
We assume that emissions follow certain pathways to results
in impacts to ecosystems. For instance, air emissions to sur-
face water are assumed to be mainly due to precipitation.
Modeling of the emissions is rather rough.Water consumption
is assumed to be due to evaporation of water in cooling towers
and evaporation of water in rivers due to elevated tempera-
tures. We also assume that endpoints from different impact
assessment methods can be compared. Some of the gaps in-
clude definition of species not same for different impact as-
sessment methods, definition of species affected not same
even within an impact assessment method for different im-
pacts (e.g., eutrophication, ecotoxicity), and critical data is
lacking in several instances.

2.9 Conversion from midpoint to endpoint impacts

USEtox measures the impact in comparative toxic unit (CTU)
which is equivalent to BPAF m3 years.^ We converted PAF
(potentially affected fraction of species) into PDF by applying
a factor of 0.3 based on the literature (Goedkoop et al. 2009;
Goedkoop and Spriensma 2001) as described in the
Supplementary Material. The conversion from eutrophication
impacts measured as kilogram phosphorus (P) equivalents
were transformed to endpoints by the factor 56.2
PDF m3 years/kg P, based on ReCiPe. Water consumption
and freshwater acidification impacts were available at end-
point level (PDF m2 years) and need to be transposed from
area to volumes of impacts. Based on five different ap-
proaches, we arrived at a conversion of 6.25 PDF m3 years/
PDF m2 years, as explained in the Electronic Supplementary
Material.

3 Results

3.1 Fate factor

The fate factor for the release cell is a function of the runoff
and is proportional toQ0.1035 (Eq. (5)). IfQ is 10 times lower,
FFlocal,i is 27 % higher since the flow speed is lower.

For FFriver,i, the distance to sea is the main influencing
parameter as it determines the residence time in the freshwater
ecosystem. The average residence time downstream of the
point of heat release (τres,river) was found to be 8 days, while
for some areas, it was more than 50 days (see Table S5,
Electronic Supplementary Material).

Another important parameter is heat dissipation along the
river, which is sensitive to river depth. The scenarios with 2-
and 12.5-m river depth showed substantial differences com-
pared to the initial assumption of 5 m (Figs. S8-9, Electronic
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Supplementary Material). Based on assessment of all grid
cells in the USA, the average heat share discharged to sea
(Heatriver,sea) is 70 % for 5 m, 59 % for 2 m, and 83 % for
12.5-m river depth scenarios, respectively.

3.2 Effect factor

The modeled average ambient river temperature for the sum-
mer months is presented in Fig. S10 (Electronic
Supplementary Material) and follows the pattern of the
climate zones (Fig. S7, Electronic Supplementary
Material), except for the mountainous regions in the
Western USA.

The different PDF curves and selected percentiles are pre-
sented in Fig. 2. A map of resulting CFlocal,i is presented in
Fig. 3, for a 500-MW state-of-the art coal plant with once-
though cooling system (3.9 MJ heat emission per kWh elec-
tricity produced). Figure 3 also shows the CF for downstream
impacts as well as the total impact (CFi) together with a coef-
ficient of variation (CV) indicating the difference in the results
when applying different PDF functions on each grid cell as
explained above. The main variance is observed in coastal
areas, where non-marginal (short-range) changes play a rele-
vant role in the CF. Overall, the CV is rather low (below 1).
The median ratio between the max and min CFlocal,i based on
different PDF in each grid cell is 5.3. For local impacts, this
can be significant. Non-marginal effects are also assessed by
the comparison of 500- and 50-MW coal power plants. In
most cases, the CF of a 50-MW plant is not significantly
different than CF of a 500-MW plant.

The contribution of CFlocal,i and CFriver,i to total CFi largely
depends on the location and distance from the sea (see
Electronic Supplementary Material), as well as the heat emis-
sion rate. On US average, CFlocal,i accounts for 29 % of the
impact.

3.3 Variability of CF

Less than 5 % of all values are below 1.0E−05 PDF m3 years/
kWh coal power and less than 0.1 % above 1.0E−03. Hence, a
suggested value of 1.0E−04 PDF m3 years/kWh (2.5E−05
PDF m3 years/MJ emitted heat) would account for >95 % of
all US values within one order of magnitude. The variability is
shown in Fig. S11 (Electronic Supplementary Material). Grid
cells close to the sea show typically lower CF. The CFs be-
tween two points, one around 700 km from the sea and the
other very close to the sea, differ on average by an order of
magnitude. Using the factors from Verones et al. (2011) for
nuclear power in Switzerland and adjusting for thermal effi-
ciencies results in 9.0E−05 PDF m3 years/kWh coal power,
which is matching the US average impact.

3.4 Water footprint of US power production

The water footprint assessment within a LCA framework in-
dicates relatively low contribution from thermal emissions to
overall freshwater ecosystem quality impacts on US average
power produced (Table 1). Moreover, the relative impacts due
to thermal emissions from cooling tower compared to once-
through cooling systems turn out not to be the most pressing
issue for the US average, since, according to the outcomes of
this work, water consumption impacts are more important
than heat releases. Coal power is consistently higher in fresh-
water ecosystem quality impacts since it has higher emissions

Fig. 2 PDF curve of the river
temperature for different climate
zones (median and percentile of
one and two standard deviations
are depicted in the table for
different climate functions)

�Fig. 3 Total freshwater ecosystem quality impact of heat release per kWh
electricity produced with once-through cooling for the 500-MW coal
power plant modeled in this project in peak months. a Within the grid
cell to which the heated cooling water is released (CFlocal,i), b effects
downstream of the release grid cell (CFriver,i), c total impact (CFtotal,i),
and d coefficient of variation (CV) of the total impact (CFtotal,i) applying
the four different PDF curves (for different climates)
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leading to freshwater toxicity and eutrophication and also a
lower thermal efficiency, which results in higher heat emis-
sions and water consumption per kWh. Freshwater acidifica-
tion is not integrated into the results due to the high discrep-
ancy of the two existing methods in quantifying ecosystem
quality impacts (the results differ by more than a factor 400),
which is shown and discussed in detail in the SI. Based on the
method of Roy et al. (2014), this impact category would dom-
inate the aggregated freshwater ecosystem quality impacts for
gas and be a major contributor for coal power, while based on
the IMPACT 2002+ method (Humbert et al. 2012), its rele-
vance would be low. However, NGCC has based on both
methods ∼4 times higher acidification impacts, since the coal
power plant features flue-gas desulfurization. The acidifica-
tion of NGCC is caused during the natural gas production
(untreated Bsour gas^ combustion in gas turbines), which
might be overestimated as further discussed in the SI.

4 Discussion

4.1 Fate factor

For future improvements in the fate assessment, better hydro-
logical models for the river flow are required, also including
lakes and storage processes. Furthermore, we suggest using a
higher spatial resolution in order to improve the level of detail
in river flows, since we are currently assuming power plants at
the main river section (e.g., not at a tributary) in each 0.5° grid
cell. We did not specifically model residence times or river
conditions in the downstream cells but propagated the resi-
dence time and dissipation based on values from the release
point. Since the energy dissipation was generally limited to
17–41 % of heat influx into the river, the impact on the fate
factor is largely limited. However, the difference caused by
varying depths has a substantial impact on the heat dissipation
and might especially be relevant if lakes are considered in

detail. While stratification of the lakes might limit the vertical
mixing within lakes, the increased residence time in lakes and
large dams should be considered in future research for im-
proving the fate model. For the release point, these simplifi-
cations and uncertainties do not affect the results. The main
factor there is the ambient temperature. Neglecting the de-
tailed mixing behavior is of minor consequence in rivers that
have a significant travel distance to sea as shown by Verones
et al. (2010). Furthermore, the model shows that the size of the
power plant in relation to Q plays a key role in the expected
rise in water temperature and the related effects of the fate
model. Therefore, more detailed river flow models are also
required for a rigorous estimate of the temperature increase.
On the other hand, dT is regulated by law in several cases
which may not allow large power plants at small rivers (at
least not with once-through cooling). The risk of
underestimating the effects is consequently limited.

4.2 Ambient river temperature

The river temperature estimate does not integrate effects of
snow melt or steep temperature gradients in rivers in moun-
tainous regions, since both the air temperature and the inter-
polated water temperature data do not account for upstream
temperature effects. It therefore also does not account for ef-
fects of dams on water temperature or the relevance of base
flow, which can mitigate temperature fluctuations. Inclusion
of such characteristics might improve the accuracy but is a
research area in its own. Moreover, kriging could specifically
be performed on the sub-watershed level using digital eleva-
tion models and other geographic features to interpolate mea-
sured water temperatures.

4.3 PDF function

Climate-specific PDF functions are important and greatly in-
fluence heat release impacts close to the river mouth (Fig. 3d).
Since the PDF function is based on a single study and is valid
only for two climates, further analysis might be required for
global modeling, as well as for areas at the border of
temperate/sub-tropical regions. Additionally, there are many
different climate classifications that cannot always be unam-
biguously matched. Finally, the effects of the standard devia-
tion of TTI for different species (σTTI [°C]) are neglected in
our model due to the limitation in data availability. However,
σTTI is significant when low temperatures are involved (a high
σTTI results in higher CF for temperatures around 15–20 °C
and in lower CF for temperatures around 30 °C).

Additionally, it may be useful to couple effects with other
environmental stressors, since already stressed ecosystems
(e.g., due to pollution) might have a stronger reaction to heat
increase. At the same time, the same loss of species might be

Table 1 Comparison of endpoint water impacts (normalized by coal
freshwater ecotoxicity impacts) between gas- and coal-based power
generation

US natural gas electricity US coal electricity

Once-through
cooling

Cooling
tower

Once-through
cooling

Cooling
tower

Freshwater
eutrophication

3.2E−03 3.2E−03 0.33 0.33

Freshwater
ecotoxicity

2.8E−02 2.8E−02 1.00 1.00

Water
consumption

1.1E−02 2.0E−02 1.8E−02 3.2E−02

Freshwater heat
releases

1.3E−03 2.7E−07 2.2E−03 4.6E−07
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attributed to two stressors, which could lead to double
counting of effects.

4.4 Peak-season based assessment

The heat impact model represents impacts on peak tempera-
ture season (July–September). By assuming CFannual to be
50% of the peak CF, we introduce an uncertainty on an annual
level of at most a factor of 2, since the annual average is at
least 25 % of peak CF (that is, if all impact occurred during
peak season) and at most 100 % (if all seasons are equal in
impacts). Therefore, we think this uncertainty may not be as
significant as some other uncertainties in LCA water
footprinting and should be improved once better data for heat
effects is available.

4.5 Impact on the sea

This work focused on freshwater ecosystem impacts without
accounting for thermal impacts on coastal regions or oceans.
This is mainly due to lack of data, but it also goes beyond the
scope of this study. Effects are mainly expected in coastal
regions, where dilution might still be limited or when reefs
are concerned. In many cases, large portions of heat are re-
leased to the sea, and therefore, the effect should be accounted
for in future research. As a conservative simplification, one
could assume that heat released to sea has similar impacts on
the sea ecosystems as heat release to freshwater has on fresh-
water ecosystems.

4.6 Array of freshwater ecosystem impacts

As shown in detail in the Electronic Supplementary Material,
the aggregation of different environmental impacts contains
many assumptions and leads to large uncertainties. The con-
version from area to volume impacts, for instance, leads to a
high uncertainty, since different approaches result in a range of
conversion factors from 0.7 to 50 m3 m−2. A more important
consideration is that the conceptual setups of the models for
water consumption and emissions are completely different,
and also the models of emission rely on very diverse species
groups to test and quantify the effects. Therefore, while they
help to identify differences in orders of magnitude, aggregated
results on endpoint-level in PDFm3 years are to be considered
with caution. A new approach for assessing ecosystem quality
impacts suggests quantification of global species-equivalent
losses instead of a PDF-volume approach (Verones et al.
2013; Tendall et al. 2014), which could help create a more
robust aggregation of different impact categories in the future.

The assessment of coal and gas power plants revealed im-
portant information about emissions contributing to the envi-
ronmental effects. Toxic emissions are especially relevant in
coal production, and these characterization factors have large

uncertainty, especially those assessing long-term emissions.
Some impact assessment methods even suggest excluding
long-term effects, which is in-line with disregarding global
warming effects after, for example, 100 years of emission.
Eutrophication impacts also have relatively high associated
uncertainties. The differences between Appalachian and
Wyoming coal, described in the Electronic Supplementary
Material, are not very significant considering the uncertainties
in the impact assessment step. Freshwater acidification im-
pacts have only been addressed recently, and the two pub-
lished methods are not consistent in the magnitude of CF.
This shows the need for future research in this topic for a
complete water footprint assessment.

For water consumption and thermal emissions, the regional
differences are relevant. The average ecosystem impact for the
different US electricity grids (NERC) can differ by an order of
magnitude. On average, cooling towers seem to have higher
impacts than once-through cooling, while in specific cases,
thermal emissions might be worse.

5 Conclusions

This study showed that thermal effects can be calculated on a
spatially explicit level and revealed research gaps. The main
focus should be on improving hydrological and thermal
modeling for the fate factor and increasing robustness of the
PDF function for the effect calculation. Compared to Verones
et al. (2010), our approach requires less input data, but still
providing satisfying data is a main challenge. More geograph-
ic regions need to be covered in order to facilitate a global
assessment.
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