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Abstract. To meet both the Paris Agreement on Climate Change and the UN Sustainable Development Goals
(SDGs), nations, sectors, counties and cities need to move towards a sustainable energy system in the next couple
of decades. Such energy system transformations will impact water resources to varying extents, depending on the
transformation strategy and fuel choices. Sweden is considered to be one of the most advanced countries towards
meeting the SDGs. This paper explores the geographical origin of and the current water use associated with the
supply of energy in the 21 regional counties of Sweden. These energy-related uses of water represent indirect, but
still relevant, impacts for water management and the related SDG on clean water and sanitation (SDG 6). These
indirect water impacts are here quantified and compared to reported quantifications of direct local water use, as
well as to reported greenhouse gas (GHG) emissions, as one example of other types of environmental impacts
of local energy choices in each county. For each county, an accounting model is set up based on data for the
local energy use in year 2010, and the specific geographical origins and water use associated with these locally
used energy carriers (fuels, heat and electricity) are further estimated and mapped based on data reported in the
literature and open databases. Results show that most of the water use associated with the local Swedish energy
use occurs outside of Sweden. Counties with large shares of liquid biofuel exhibit the largest associated indirect
water use in regions outside of Sweden. This indirect water use for energy supply does not unambiguously
correlate with either the local direct water use or the local GHG emissions, although for the latter, there is a
tendency towards an inverse relation. Overall, the results imply that actions for mitigation of climate change by
local energy choices may significantly affect water resources elsewhere. Swedish counties are thus important
examples of localities with large geographic zones of water influence due to their local energy choices, which
may compromise water security and the possibility to meet water-related global goals in other world regions.

common production-based) greenhouse gas (GHG) emis-
sions (Mekonnen and Hoekstra, 2010; Gerbens-Leenes et al.,

1 Introduction

Increased emphasis on local action for global change in the
sustainability discourse encourages efforts of sub-national
authorities to prioritize sustainability (Theobald et al., 2015;
Wamsler et al., 2014; Xue and Tobias, 2015, among oth-
ers). International initiatives to promote local sustainability
still tend to focus on local production-based resource uses
and emissions (Covenant of Mayors, 2017). However, trade-
related environmental impacts are now increasingly anal-
ysed through e.g. concepts of water footprint and life-cycle,
and tracking of consumption-based (as opposed to more

2012; Tukker, 2000; Stokes and Horvath, 2010; Caro et al.,
2017; Yang et al., 2015). Moreover, in the wake of the adop-
tion of the UN Sustainable Development Goals (SDGs) in
2015, the need for integrated and cross-scale coordination of
sustainability actions is increasingly acknowledged (Nilsson
et al., 2016, among others).

Two SDGs with particularly strong interactions are those
focused on water (SDG 6) and energy (SDG 7). Both re-
sources are crucial for human survival and prosperity, and

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.

S9|e0S |Bqo|b 01 |BOO| 1B SYoBqpasd) pue sasuodsal ‘SIaALIp :snxau ABiaus—l1alem—poo} 8yl pue A11INdas Jalep\



26 R. E. Engstrém et al.: Water impacts and water-climate goal conflicts of local energy choices

both need to be managed more sustainably in the coming
decades in order for the world to meet the related SDGs
(Griggs etal., 2017). Direct (at the energy utility) and indirect
(throughout the whole energy supply chain) uses of water
for electricity production have been shown to be significant,
not only on local but also on, regional continental and global
scale (Destouni et al., 2013; Jaramillo and Destouni, 2015).
The water-energy nexus has also been increasingly studied in
the past decade (among many others: Hamiche et al., 2016;
Hussey and Pittock, 2012; Bazilian et al., 2011; Scott et al.,
2011). The ability to accurately assess both direct-local and
indirect-remote interactions of water and energy uses will
only increase in importance as local actors move towards
implementing the SDGs. The present study addresses this
water-energy nexus on different scales.

Specifically, we here quantify and analyse energy-related
indirect-remote water use, i.e. the water-use required for ex-
tracting, processing, transforming and supplying energy for
local use, using the 21 counties of Sweden as concrete case
examples of such local energy use; Fig. 1 displays the 21
counties on the map of Sweden. In general, Sweden is con-
sidered to be the most advanced country towards meeting the
SDGs (Sachs et al., 2016). As such, the present case study
focus on and across different Swedish counties may provide
some important insights on relatively advanced water-impact
patterns associated with local energy choices towards long-
term sustainability. The analysis is further broadened, to also
consider the climate-related SGD (13), by relating the water-
energy nexus results to the officially reported GHG emissions
of each county.

The used data and obtained results of this study (direct wa-
ter use, GHG emissions, and calculated energy-related indi-
rect water use) are not overlapping in scope (the latter in-
cludes trade impacts, while the former two relate only to
local activities). This scope inconsistency is intentional, in
order to clarify the difference between data that are readily
available for — and directly relate to the mandate of — county-
level decision-makers (reported local direct water use and
GHG emissions) and the indirect energy-related water im-
pacts (indirect-remote water use for energy supply) that are
calculated in this study and are significant for achievement
of global sustainability.

In the following sections, the analytical approach and data
sources are described, followed by presentation and discus-
sion of results and main conclusions.

2 Method

2.1 Analytical approach

In the present analysis, a simple accounting framework is
employed to assess the water impacts of the energy choices
of different Swedish counties. The following steps are taken
for this purpose:
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Figure 1. Map of Sweden with the 21 counties studied.

— Step 1: a literature review of reported water-
consumption estimates for energy production including:
water footprints of biofuels; consumptive water-use of
electricity generation (incl. hydropower) and; water use
in fossil-fuel production processes (mining, refining and
distribution) (the terms used here correspond to those
used in the reviewed literature).

— Step 2: multiplication of water factors, calibrated for
Swedish energy-supply specificity after the general Step
1, with disaggregated energy end-use by sector and fuel-
type for each of Sweden’s 21 counties (accounting also
for energy transmission losses — see Supplement for fur-
ther methodological details).

proc-iahs.net/376/25/2018/
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Figure 2. Conceptual CLEWs mapping of the water-energy inter-
actions assessed in this study.

— Step 3: disaggregation of indirect water-use between na-
tional and international, in order to assess the energy-
related water use occurring outside of Sweden (and
as such outside the nation’s sustainability-reporting
boundaries).

— Step 4: comparison of results with reported county-
specific GHG emissions and direct water use.

Only freshwater use is considered in this analysis, in terms
of both direct and indirect water uses. Seawater, often used
in e.g. cooling systems of nuclear power plants (Vattenfall,
2016), is excluded from the analysis since this water resource
is not included in the water-related SDG (6) and also is not
subject to similar availability constraints as the freshwater
resource. A schematic of the system-of systems considered
in this study is depicted in Fig. 2.

2.2 Data sources

Overall, official county-level data for the year 2010 is used
in the present analysis, and water-use results for various en-
ergy choices are compared with official statistics on county-
specific direct water use and GHG emissions for the same
year. The GHG emission data are taken from the Swedish
County Board Union’s yearly report on airborne emis-
sions (Nationella emissionsdatabasen, 2017). Direct water-
use data are collected and published every Sth year by the
Swedish Central Bureau of Statistics (SCB) and for this pa-
per tables MIO902AB and 0000000V are used (SCB Statis-
tikdatabasen, 2017). Available SCB data (table ENO203AE)
are also used for county-specific energy use, disaggregated

proc-iahs.net/376/25/2018/

over fuel types (liquid fossil, solid renewables, electricity,
district heat, etc.) and over user groups (residential buildings,
industry, public sector, etc.) (SCB Statistikdatabasen, 2017).

Data on water use for energy supply

The water-energy nexus of fuel production and electricity
and heat generation has been extensively studied in recent
years (e.g. Bakken et al., 2013; EPRI, 2008; Holland et al.,
2015; Macknick et al., 2012). Still, reported data vary greatly
with geographical and technical conditions for the energy
systems assessed, and also due to large variation in methods
used to measure or indirectly analyse water use. The need to
improve both data availability and data standards in this field
has been stressed by, among others, Macknick et al. (2012).
Awaiting more such efforts to been made, this study uses
available data ““at face value”, in the attempt to gain insights
on patterns and orders of magnitude, while acknowledging
the dependence of results on such greatly varying and uncer-
tain data. For the present analysis, a database on published
water factors (in units of water volume per energy-unit pro-
duced) is created based on the following studies and reports:
Mielke et al. (2010); Pacetti et al. (2015); Gerbens-Leenes et
al. (2008); Scown et al. (2011); Granit and Lindstrom (2010);
Mekonnen et al. (2015); Fthenakis and Kim (2010); Katers et
al. (2012); Rio Carrillo and Frei (2009); Spang et al. (2014);
IEA (2012). Considering the geographical origins as well as
the types of fuels (conventional or unconventional fossil fu-
els, first or second generation biofuels, etc.) used in Sweden,
the data points that most closely resemble Swedish condi-
tions are selected from this database for the present analysis.
Table 1 summarizes the water factors chosen for the analysis.

3 Results

Figures 3 and 4 display the calculated indirect water-use re-
quirements for the energy supply in the 21 counties of Swe-
den, in absolute and per-capita terms, respectively. The size
of circles in these graphs corresponds to the relative volume
of energy-related indirect freshwater use, with the x axis rep-
resenting reported county emissions of GHGs and the y axis
representing county-specific direct local water-use.

In terms of absolute values (Fig. 3), the most populous
counties (Stockholm, Skane and Vistra Gotaland) have the
largest reported GHG emissions, as well as most of the
largest reported direct water uses. However, also the county
of Norrbotten (in terms of emissions) and that of Vister-
norrland (in terms of direct water use) display high abso-
lute resource uses despite having much smaller populations.
Visternorrland has the most water-intensive industry in Swe-
den, while Norrbotten is the county using the most coal of
all Swedish counties in 2010, with thereby high associated
GHG emission levels. These latter two counties stand out
even more clearly in Fig. 4, where results are displayed in
terms of per-capita units. In addition, the county with the
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Table 1. Water factors employed in the present analysis.

Fuel Water factor  Origin of Data Reference/ Data Reference
(m3TI~1)  Origin of Fuel in Swedish Supply

Oil 259 USA/Russia Mielke et al. (2010)

Gasoline 283 USA/Russia Scown et al. (2011)

Diesel 274 USA/Russia Mielke et al. (2010)

Natural Gas 4 NA/Denmark Spang et al. (2014)

Coal 43 Latin America/USA Spang et al. (2014)

Biodiesel/Bio-oil 19 800 NA/Germany Spang et al. (2014)

Ethanol 24700 Brazil/Brazil Spang et al. (2014)

Biogas 149 Italy/Sweden Calculated based
on data from
Pacetti et al. (2015)

Pellets/biomass 42.6 USA/Sweden Katers and Snippen
(2012)

Electricity 2310 Sweden/Sweden Calculated based
on Swedish elec-
tricity mix. Details
in the Supplement.

District Heat 795 Sweden/Sweden Calculated based
on Swedish aver-
age district heat
fuel mix. Details in
the Supplement.
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Figure 3. Absolute GHG emissions (x axis), direct local water use (y axis) and indirect water use for energy supply (circle size) in the
21 counties of Sweden. Circle size corresponds to million cubic meters of water required to produce the energy supply in each county. For
reference: Virmland = 480 million m>; Vistra Gotaland = 216 million m?; Blekinge = 19.6 million m>. Zoomed in chart in Supplement.
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Figure 4. Per-capita GHG emissions (x axis), per-capita direct local water use (y axis) and per-capita indirect water use for energy supply
(circle size) in the 21 counties of Sweden. Circle size corresponds to per-capita cubic meters of water indirectly used to produce the energy
supply in each county. For reference: Varmland = 1756 m3 capf1 : Gotland = 200 m? capf1 ; Blekinge = 128 m3 capf1 . Zoomed in chart in

Supplement.

smallest population, Gotland, stands out as the county with
the highest per capita GHG emissions, due to significant fos-
sil GHG emissions from the county’s lime and cement indus-
tries (Region Gotland, 2016). However, the direct local water
use in Gotland is limited, with this being a Swedish county
that is particularly prone to water shortages and droughts.

Looking further at the results of indirect water use for en-
ergy supply (circle sizes in Figs. 3 and 4), the pattern differs
from both that of reported GHG emissions and that of re-
ported direct water use. Most notable here are the counties of
Virmland and Gévleborg, with significantly larger energy-
related indirect use of water than that of other Swedish coun-
ties. The reason is that the industries in Virmland and Gévle-
borg use large volumes of renewable liquid fuels (assumed
to correspond to biodiesel or bio-oil in Table 1). As shown in
Table 1, these fuels consume 70-90 times more water per unit
of energy than corresponding liquid fossil fuels (and this is
a modest water-use estimate compared to those of Gerbens-
Leenes et al., 2009; IEA, 2012; among others).

Gotland’s indirect per-capita use of water does not follow
the pattern of its per-capita emissions of GHGs. As men-
tioned, this county has a relatively high share of fossil GHG
emissions but uses almost no liquid biofuels. This choice
makes the county’s energy use relatively water efficient.

In Fig. 5, the national (Swedish) indirect water use (for
fuel, electricity and heat production within Sweden) is re-
moved from the results. This exacerbates the pattern seen
in Fig. 4, exhibiting Gévleborg and Virmland as responsi-
ble for an even larger share of Sweden’s indirect (imported)
energy-related water use (Fig. 5). This is not surprising given
the large water requirements of imported liquid biofuels (in
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the present study, no domestic liquid biofuels are considered
available). It also emphasizes the large discrepancy that may
prevail between the direct water use in local service-delivery
systems and the non-local and indirect water use required for
the local energy supply.

If direct water use were a good indicator of total water use
(including indirect water from energy imports), the size of
the circles in Figs. 3-5 should generally increase along the
y axis, which is not the case. Similarly, and even though both
water use and GHG emissions are tightly linked to the energy
sector, the levels of GHG emissions are not correlated with
the remote and indirect water use for the local energy supply
(as circle sizes do not systematically increase (or decrease)
along the x axis).

For further analysis of the joint water-use and GHG con-
nections to energy, Fig. 6 displays all discussed water-use
and emission results, as well as the total energy use in each
county. Viarmland and Visternorrland are then found to have
similar profiles of per-capita energy use and per-capita GHG
emissions (boxed part of Fig. 6). However, their indirect per-
capita water uses for energy are far apart. In Virmland, the
chosen low-carbon energy use consists to large degree of lig-
uid biofuels, while the per-capita energy use of Visternor-
rland includes primarily electricity and biomass — two fuels
that consume much less water than imported liquid biofu-
els. These different choices explain some of the discrepancy
seen in Fig. 6 for indirect water-use per capita. However, in
this context, it is again worth noting that the used data on
energy-related GHG emissions and the calculated data on in-
direct water use have different scopes of measure. The former
(GHG data) include local emission sources, including burn-
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Figure 5. “Imported” indirect water use outside of Sweden related to the population (per-capita units) and the energy use in the 21 counties
of Sweden, compared to reported direct water use per capita (y axis) and GHG emissions per capita (x axis). Circle size corresponds to per
capita cubic meters of water indirectly used outside the national borders to produce the energy supply in each county. Note: For reference:
Virmland = 1581 m3 cap_l; Gotland = 62 m> cap_l; Blekinge = 13 m3 cap_l. Zoomed in chart in Supplement.

ing of fuels in vehicles and in electricity- and heat-production
utilities, etc., locally as well as local non-combustion/energy
related emissions from agriculture, waste facilities and simi-
lar. The latter (data on water use for energy supply) consider
only the energy sector and the energy use in each county,
including the full energy supply chain, both local and non-
local. Although we can largely explain the patterns of GHG
emissions and of indirect water use by investigating the spe-
cific mix of fuels used in a county, there is no unambiguous
pattern of e.g. low (high) emissions corresponding to high
(low) indirect water use. With that said, if Varmland’s indus-
tries had chosen to use fossil fuels instead of biofuels, one
would expect higher GHG emission levels in the county and
lower indirect water use associated with the county’s energy
supply.

Finally, looking at the combination of direct water use and
GHG emissions reported, Figs. 4 and 5 show that Blekinge
has similar x/y-coordinates (per-capita direct water use and
emissions, respectively) as Virmland. However, their indi-
rect water uses for energy supply (circle size) are very dif-
ferent. As such, neither direct water use nor GHG emissions,
or the combination of these, provides any clear clue to the
indirect water use of a county. Specific case-by-case analysis
of the considered energy fuels — and ideally a more focused
analysis of the specific origin of these fuels — is needed to
assess this type of externalized water impacts with greater
certainty. Nevertheless, the present analysis supports existing
work on water-energy resource interdependencies (Hussey
and Pittock, 2012, among others) and the suggested impor-
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tance of SDG interactions by Nilsson et al. (2016). The stud-
ied external (remote) water impacts of local energy strategies
are significant, but difficult to trace with great precision and
certainty from only local-level resource-use and emissions
data.

As noted in the data section, limitations in both availabil-
ity and comparability of data on water use in energy supply
chains are significant. Although careful selection of water
factors has been made for this analysis (Table 1), the un-
certainties and temporal and spatial variations of reported
energy-related water uses are large. As a consequence, the re-
sults presented here should be interpreted and used conserva-
tively. This work primarily aims to highlight the un-intuitive
(sometimes counter-intuitive) relations between direct and
indirect environmental impacts of local energy choices, and
the potentially large differences in indirect resource impacts
(in our study focused on water) of regions with seemingly
comparable local emissions profiles and direct resource uses.

4 Conclusions

Focusing on the water-energy nexus, this paper has identified
quite different patterns of reported direct water use, GHG
emissions and indirect water use for local energy use among
Sweden’s 21 counties. Direct water use is typically driven
by population size and the presence of water-intensive indus-
tries. In contrast, energy-related indirect water use is primar-
ily impacted by the choice of fuels used in the county — with
liquid biofuels requiring orders of magnitude larger volumes
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of water than all other fuels used in the analysed energy sys-
tems.

Similar to the indirect water use studied in this paper, GHG
emissions are tightly coupled to the energy sector. However,
on a fuel-by-fuel basis, the water-use and GHG interactions
with energy differ significantly. Conventional fossil fuels,
with their high CO, emissions, are orders of magnitude less
water-intensive than the carbon-neutral biofuels.

As climate-change action plans are developed and adopted
by an increasing number of sub-national authorities (to meet
the Paris Agreement as well as the climate-related SDG 13),
the goal conflict implied by a largely (even though not fully)
inverse relation between GHG emissions and indirect wa-
ter use should be acknowledged and further investigated. As
no clear general relation could be determined in the present
analysis of energy-related GHG emissions, indirect-remote
water use and direct-local water use, further investigation of
such relations are needed for different local-regional cases.
Such further analysis is not least needed in Sweden, if the
country is to remain a front-runner in reaching the highly in-
tegrated SDGs, with the freshwater SGD (6), the energy SDG
(7) and the climate SDG (13) considered as equally important
sustainability targets.

Finally, accounting for this type of cross-scale interactions
in the monitoring of progress towards reaching the SDGs
could potentially alter assessments of how different nation
states or sub-national regions are performing, and should be
considered when indicators for monitoring progress towards
the SDGs are further developed.

Data availability. Data sources are cited throughout the text and
come from:

— water use for energy: published literature (as referenced in Ta-
ble 1 and Table S1)

— energy use and water use per county: the Swedish Central
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