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Abstract

:

Drinking water systems’ energy footprints depend mostly on the source, quality, and volume of water supply, but also on local temperature and precipitation, both of which are changing with the global climate. From a previous survey, we develop an equation for modeling relative changes in U.S. water utilities’ annual energy use, in which their energy use increases with temperature and decreases with precipitation. To demonstrate, we insert gridded projections from three scenarios in the EPA’s Climate Resilience Evaluation and Awareness Tool (CREAT) and compare 2035 and 2060 periods with a 1981–2010 baseline. Averaged over the continental United States, the 2060 central scenario projects 2.7 °C warmer temperatures and 2.9 cm more annual precipitation. For the same water demand, we estimate that these conditions will cause U.S. water systems’ energy use to change by −0.7% to 13.7% depending on the location (average 8.5% across all grid cells). Warming accounts for a general increase, and local changes in precipitation can add to or subtract from it. We present maps showing the spatial variability for each scenario. Water systems are essential infrastructure that support sustainable communities, and the analysis underscores their needs for energy management, renewable energy, water conservation, and climate change resilience.
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1. Introduction


Twenty years ago, Levin et al. [1] reviewed the research and cautioned that a warming global climate may lead to several problems affecting drinking water supply. Among them were higher microbial and nutrient loadings, earlier snowmelt, more frequent harmful algal blooms, and greater water demand and water stress. Since then, the warming climate has been well documented [2] and numerous studies have confirmed the impacts on water systems. Much guidance [3,4,5,6,7,8,9] has also appeared, describing how water systems should adapt to the new climate conditions.



While many aspects of this research space have been well explored, one question that has received less attention is how climate change will affect water systems’ energy use. Water systems need energy to extract, pump, treat, and distribute water with sufficient quality and pressure to end users [10,11,12,13,14,15,16], which is just one facet of the broader water–energy nexus [17,18]. A changing climate may alter water availability, water quality, and other factors that, even for the same water demand, will lead to changes in energy use.



Past studies have showed how water systems’ energy footprints correlate with climate variables. Rothausen and Conway [14] suggested that water systems’ energy use is likely to increase because of climate change and other factors. Globally, the most energy-intensive water systems are located in places with lower average precipitation [11]. Sowby and Burian’s [19] model of U.S. water systems showed that their energy use increases with temperature and decreases with precipitation. Similarly, a negative correlation between precipitation and energy use in Denver’s water supply over 20 years has been observed (R. B. Sowby and A. Capener, manuscript under review). Energy use at water and wastewater treatment plants increases with heating degree days [20,21]. However, none of these studies have explicitly linked climate change to water systems’ energy footprints in a quantitative way.



One exception is a study by Mo et al. [22], who analyzed one U.S. water treatment plant in depth, forecasting its future energy use as a function of climate scenarios and water-quality variables. They projected a 3–6% decrease in energy intensity (energy use per volume of water) for their particular case, but they concluded that the effects could vary significantly by geographic location. Similarly, Stang et al. [23] compared two U.S. plants under projected climate scenarios and found mixed changes in their energy footprints. The outcomes of both studies suggest that if many water systems are to be evaluated at once, a geographically sensitive approach is necessary.



How will U.S. water systems’ energy footprints increase or decrease with climate change? To answer this question, we (1) propose a method for estimating relative changes in energy use based on an existing regression model of U.S. water systems and (2) estimate relative energy changes using the new method and data from the U.S. Environmental Protection Agency (EPA). We then discuss implications for water system planning.




2. Materials and Methods


2.1. Water System Energy Model


From a dataset of over 100 U.S. water systems [15,24,25], Sowby and Burian [19] developed and validated a regression model for a water system’s annual energy use,  E  (kWh):


  ln   E = 0.97 + 0.89 ln W − 0.95 G + 1.28 I + 0.036 T − 0.0054 P  



(1)




or


  E =  e  0.97 + 0.89 ln W − 0.95 G + 1.28 I + 0.036 T − 0.0054 P    



(2)




where  W  is the annual water use (m3),  G  is an indicator (0 or 1) of gravity-fed surface water supply,  I  is an indicator (0 or 1) of imported water supply,  T  is the average annual air temperature (°C), and  P  is the average annual precipitation (cm). The positive and negative signs of the temperature and precipitation coefficients are logical; warmer or drier conditions make water less readily available, so extra energy must be expended to obtain it. Consider, for example, a water treatment plant that pumps water from a lake; low precipitation reduces runoff into the lake and warm temperatures increase evaporation from the lake, so the lake level falls, and the plant must use more energy to pump the greater distance. Only energy use in the operational phase is of interest, as energy use during construction and end-of-life is insignificant in the overall profile [12,26,27].



While the expression was designed for characterizing energy footprints across multiple water utilities in a single time period, we see its potential for estimating their energy use deviations associated with climate change. Precipitation and temperature are already embedded in the expression, and a comparison of two time periods will yield the change of interest. For the purposes of climate analysis, we assume the first four terms in the exponent of Equation (2) are constant properties of the water system and replace them with a single term  C . That is, we are not accounting for increasing or decreasing water consumption, loss of existing water sources, development of new water sources, or other internal factors. The expression then becomes


  E =  e  C + 0.036 T − 0.0054 P   =  e C   e  0.036 T − 0.0054 P    



(3)







More than the absolute energy use, however, we seek the relative change in energy use between two time periods. As a ratio of two time periods, the constant  C  cancels out:


     E 2     E 1    =    e C   e  0.036  T 2  − 0.0054  P 2       e C   e  0.036  T 1  − 0.0054  P 1      =    e  0.036  T 2  − 0.0054  P 2       e  0.036  T 1  − 0.0054  P 1      =  e  0.036    T 2  −  T 1    − 0.0054    P 2  −  P 1       



(4)







We then define the temperature change   Δ T =  T 2  −  T 1    and the precipitation change   Δ P =  P 2  −  P 1    and substitute them into Equation (4):


     E 2     E 1    =  e  0.036 Δ T − 0.0054 Δ P    



(5)







Alternatively, we calculate the proportion of change in the energy use,    E ∗   , as:


   E ∗  =    E 2  −  E 1     E 1    =    E 2     E 1    − 1 =  e  0.036 Δ T − 0.0054 Δ P   − 1  



(6)







Equations (5) and (6), as an innovative adaptation of Equation (1), say that relative to a water system’s baseline energy use, warmer conditions will increase energy use while wetter conditions will decrease energy use. It helps answer the question, “if the water system itself is held constant, how will its energy use change as a function of precipitation and temperature?”.




2.2. Applicability and Limitations


The method we have outlined is designed for studying incremental changes in a water system’s annual energy footprint due to trends in annual temperature and precipitation. It does not consider extreme events (e.g., drought, flood, disaster) or seasonal weather variations that fall outside the annual scope, nor does it consider population growth, water demand/conservation, new water sources or facilities, or other factors of the water system that were assumed to be fixed in the constant of Equations (3) and (4) but in reality may greatly affect energy use. Because such variables are specific to individual water systems and cannot be analyzed on a national scale, this was a necessary assumption to isolate the climate change effects (external) from the water supply effects (internal). The method is valid only in the continental United States, where the base data originated.



One limitation is the dataset used for the energy model of the foregoing equations, which is based on a short historical record, relative to the climate timescale in question. The challenges of acquiring large samples of energy-for-water panel data at utility-scale resolution are well documented [10,15,28,29]. While the model is the best available and showed good fit when it was developed, we acknowledge that its uncertainty increases farther into the future. We advise caution when using it for long-term projections and extreme climate scenarios because the results may be unreliable.



While the model is limited in these regards, it has several advantages. One is its simplicity and transparency, which lends itself to use by water practitioners and policy leaders. Another is its ability to isolate energy use changes attributable to temperature and precipitation rather than internal factors such as water demand. Furthermore, because the equation estimates relative ratios between two time periods rather than absolute energy use, the water system’s baseline energy use need not be known. The approach thus bypasses one of the major data challenges in energy-for-water studies [28,29]. It is also independent of climate models; projected changes in precipitation or temperature from any climate model and any time period may be entered into Equation (6). Repeating with multiple values for a single location enables scenario planning and representation of uncertainty; repeating across multiple locations enables cross-sectional and panel characterizations.




2.3. Climate Change Projections


To demonstrate the method, we insert data from climate projections and estimate the impact on water systems’ energy footprints in the continental United States. In this case, we take climate data from the Climate Resilience Evaluation and Awareness Tool (CREAT), an online resource in the EPA’s Creating Resilient Water Utilities (CRWU) program that helps water utilities evaluate climate-related risks [30]. While many climate datasets are available, CREAT is advantageous because it offers both a long-range forecast and hindcast, it is an authoritative EPA product, and U.S. water suppliers will be familiar with it. It offers downscaled, gridded data that cover the continental United States on a regular 0.5 degree grid, which is sufficient to capture spatially varying climates across the country.



The CREAT projections [31,32] are drawn from a 38-model ensemble of the Coupled Model Intercomparison Project Phase 5 (CMIP5) [33]. The ensemble assumes Representative Concentration Pathway (RCP) 8.5, which represents the highest carbon emissions of the CMIP5 scenarios (RCP2.6, RCP4.5, RCP6, and RCP8.5). Because CREAT is a preparedness tool for water utilities, its choice of RCP8.5 as the worst emissions case is deliberate. Forecasting so far into the future is inherently uncertain, hence the need for multiple models to project a range of possibilities in an ensemble. For planning purposes, CREAT defines three scenarios, as follows:




	
Hot/Dry: Average of five models closest to 95th percentile of annual temperature projections and 5th percentile of annual precipitation projections.



	
Central: Average of five models closest to 50th percentile of annual temperature projections and 50th percentile of annual precipitation projections.



	
Warm/Wet: Average of five models closest to 5th percentile of annual temperature projections and 95th percentile of annual precipitation projections.








Projections are provided for the 2035 time period (2026–2045) and 2060 time period (2051–2070). Specifically, we use (1) projections of change in average annual temperature and precipitation, and (2) historical average annual precipitation for the period 1981–2010 [34]. Both datasets are needed because climate models give temperature change in degrees but precipitation change as percentages, requiring reference to the baseline precipitation in order to calculate the changes in terms of depth as needed for Equation (6). The precipitation depth change is calculated by multiplying the gridded precipitation percentage change forecast dataset by the gridded historical average precipitation dataset. The data are supplied in U.S. customary units, and we convert the data to metric units during processing. Figure 1 diagrams how each dataset is used with Equation (6) to calculate the percent energy use changes.





3. Results


3.1. Results Overview


Table 1 summarizes the projected changes in temperature, precipitation, and water system energy use for the three scenarios, averaged from the gridded CREAT data we analyzed over the continental United States. The results vary spatially; Figure 2 maps the temperature projections, Figure 3 maps the precipitation projections, and Figure 4 combines them (via Equation (6)) to map the projected changes in water system energy use. Figure 5 shows the ranges of energy use changes from Figure 4 as box-and-whisker plots.




3.2. Temperature and Precipitation


Temperature (Figure 2) is projected to increase across all scenarios. Warming is most pronounced over the country’s interior and northern regions, especially in the 2060 scenarios. Precipitation (Figure 3) shows more variation by scenario. The 2060 hot/dry scenario shows less precipitation overall (−2.2 cm) but is divided between a wetter north and a drier south. The 2060 warm/wet scenario shows more precipitation overall (9.2 cm), especially in the east and along the Pacific and Gulf coasts. In the 2060 central scenario, precipitation increases by 2.9 cm overall but decreases in the southwest. It is interesting to note the north–south division of the hot/dry scenario and the east–west division of the warm/wet scenario as they concern projected precipitation changes; the central scenario is a combination of the two.



U.S. climate models are quite robust with regard to warming—most simulations agree on the direction of the temperature changes—but less robust with regard to precipitation, because of the variability in historic precipitation that makes some future changes less significant [35,36]. Our purpose is not to assess CREAT, but we trust the dataset because its projections for both temperature and precipitation generally agree with the Fourth National Climate Assessment [36] and also with more recent results for the United States from CMIP6 [35,37].




3.3. Water System Energy Use


Figure 4 combines the location-specific projected temperature and precipitation changes in Figure 2 and Figure 3 to estimate percent change in energy use for each grid cell in the CREAT forecasts using Equation (6). In the 2060 hot/dry scenario, the average energy increase is 13.7%, ranging from 7.5% along the east and west coasts to 22.3% in the south central states, where projected warming and drying coincide. In the 2060 central scenario, the average energy increase is 8.5%, with maximums (12.5%) occurring in a large hotspot over the southwest and some slight decreases (−0.7%) in wetter areas of the Pacific Northwest. In the 2060 warm/wet scenario, the east–west pattern appears again; precipitation becomes the dominant effect, offsetting some of the warming where the average energy increase is 3.6% and ranges from −10.7% on the wetter east coast, west coast, and Gulf coast to 8.7% in the general west.



To be clear, the averages, as in Table 1, are weighted equally in each grid cell, not by water system presence, size, population, or energy use. Nonetheless, the regions where energy use is expected to increase overlie the most populous parts of the country. We expect that, in practice, map users will look for individual locations of interest, and we provide GeoTIFFs in the Supplementary Materials for this purpose.



Two observations are apparent in Figure 5 (which uses the same data as Figure 4). Firstly, the energy use changes are greater in the hotter/drier scenarios. This is a direct implication of Equation (6) and the signs of its coefficients for temperature and precipitation. In the warm/wet scenario, as noted above, wetter conditions in some areas offset the increased energy use due to warming. Secondly, the energy use changes diverge with time. The changes are narrowly confined in the 2035 period but spread out considerably in the 2060 period as a consequence of the spatially diverse temperature and precipitation changes projected in the later future. The behavior speaks to the importance of both characterizing local climate effects and selecting an appropriate emissions scenario for planning.



Using the average of the central scenario for the purpose of a simple statement, we may say that due to climate change, U.S. water systems may expect to use 4.9% (2.9% to 6.1%) more energy by 2035 and 8.5% (−0.7% to 13.7%) more energy by 2060 assuming the same water demand.





4. Discussion


Our work shows that in most scenarios, climate change will increase the energy footprints of U.S. water systems across the entire country, independent of water demand, by 2035. Water systems in most areas will have an even greater percent increase in energy use by 2060, while water systems in some areas are projected to reverse course and experience a decrease in energy use. The findings provide further evidence of water utilities’ needs for deliberate energy management, clean energy, water efficiency, and climate resilience, as discussed below. Again, the results consider only the effects of a changing climate, though other variables may further influence the ultimate energy footprint.



While energy management is not new, water utilities’ motivations for embracing it have evolved from saving money on power bills to meeting broader sustainability goals [13]. Many techniques and tools have been developed for this purpose, but many are not yet widely used. As forces that increase energy use continue to pile up—growing water demand, alternative water supplies, stricter treatment standards, and now climate change—a deliberate approach to energy management is more necessary than ever.



If energy generation continues to rely heavily on fossil fuels that emit greenhouse gases, water systems’ increased energy use may create a feedback loop that exacerbates global warming. Water systems can combat the problem by investing in their own on-site renewables such as wind, photovoltaic solar, and biogas, as reviewed by Strazzabosco et al. [38]. They can also advocate for clean energy and climate policy, as encouraged by water industry associations [39,40,41] and the United Nations (under Sustainable Development Goals 7 and 13, “Affordable and Clean Energy” and “Climate Action”).



Changes in water demand may offset some of the increased energy use that comes with climate change. We necessarily compared energy use for a fixed demand, but one must also consider how trends in demand may change the outcome, as there are many competing factors. Total drinking water demand is expected to grow, simply because of population and economy growth. The climate itself will also play a role; Rasifaghihi et al. [42], for example, concluded that base water use is independent of climate change but that seasonal water use will likely increase. However, per-capita water use will continue to decline for some time, thanks to gains in efficiency [43,44,45]. Indeed, Lam et al. [11] found that per-capita energy use for water supply in 17 cities trended downward between 2000 and 2015 for these reasons. A water system’s total energy use may increase in the future due to population growth, climate change, water quality, and shifts to more energy-intensive water supplies such as desalination and water reuse, but as shown in research by Kenway et al. [46] and Sowby and Capener [47], improvements in water conservation can mitigate the impact of both energy use and the associated carbon emissions.



As Howard et al. [6], Staben et al. [7], and others have observed, drinking water systems are essential for public health but vulnerable to climate change. Given that we project an increased energy use for water suppliers as a consequence of climate change, water utilities have more reason to be conscious of their impact on the global climate and to prepare themselves for future climate conditions. Fortunately, many federal, state, and non-profit programs and resources exist (e.g., EPA’s Creating Resilient Water Utilities) to help water utilities prepare.




5. Conclusions


As a novel contribution to helping U.S. drinking water systems understand climate change impacts, we created a simple but scientifically founded equation for quantifying how changes in temperature and precipitation affect their energy use. The expression indicates that energy use increases with temperature and decreases with precipitation. We then outlined a method for using the equation in connection with projections from any climate model, along with the limitations of doing so.



To demonstrate, we inserted CMIP5 projections from CREAT to estimate expected impacts to water systems’ energy footprints associated with climate change. The central scenario projects warming of 2.7 °C and 2.9 cm more precipitation (both averaged annually over the continental United States) by the 2060 period. With such changes, we estimated that U.S. water systems will use 8.5% more energy (averaged over all grid cells), assuming the same water demand, sources, and facilities. We presented maps showing the spatial variability of the results for each scenario.



The results considered incremental changes in annual average temperature and precipitation, but not extreme events, seasonal fluctuations, or the need for alternative water supplies that may arise with climate change. The results vary by geographic location and with water system conditions, so water utilities are encouraged to apply the method in their own circumstances to plan mitigation strategies for increased energy use and associated emissions. Given that water utilities are expected to use more energy in the future because of climate change, the analysis reinforces their need for clean energy, water efficiency, and climate resilience, as infrastructure that supports sustainable communities.
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Figure 1. Diagram of change in energy use calculations. 
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Figure 2. Projected changes in average annual temperature. 
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Figure 3. Projected changes in average annual precipitation. 






Figure 3. Projected changes in average annual precipitation.



[image: Hydrology 09 00182 g003]







[image: Hydrology 09 00182 g004 550] 





Figure 4. Projected changes in annual water system energy use due to temperature and precipitation. 
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Figure 5. Box-and-whisker plots of projected changes in annual water system energy use. 
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Table 1. Projected changes in temperature, precipitation, and water system energy use.
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Change in

Temperature (°C)

	
Change in

Precipitation (cm)

	
Change in Water System Energy Use




	
Scenario

	
2035

	
2060

	
2035

	
2060

	
2035

	
2060




	
Hot/Dry

	
1.7

	
3.3

	
−0.4

	
−2.2

	
6.4%

	
13.7%




	
Central

	
1.4

	
2.7

	
0.5

	
2.9

	
4.9%

	
8.5%




	
Warm/Wet

	
1.2

	
2.4

	
1.7

	
9.2

	
3.5%

	
3.6%








Values averaged from gridded data over the continental United States.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Hot/Dry
Scenario

Central
Scenario

Warm/Wet
Scenario

0-1°C

2035

1
{
/
:
)
e
4
!!
{
:
{
e

s

2-3°C

\»;"‘h p

S !
%
\ A
s R4
(’
<A -
» A
'
/ LS
\ 4
y





nav.xhtml


  hydrology-09-00182


  
    		
      hydrology-09-00182
    


  




  





media/file2.png
Calculations

Projected
percent
change in
average
annual
precipitation

Projected
change in
average

Baseline
average

annual
precipitation
(AP)

annual
precipitation

Projected

change in
average
annual

Change in
energy use
relative to
baseline

\ 4

temperature






media/file5.jpg
HotDry

Scenario
Cential | ( 7
Scenario . { . {
% ) ﬁ N
I .
S ol X
WarmWet 4
Scenario 3 2 "

I -20—-10cm [l -10-0cm o-10cm [l 10-20cm [l 20-35¢cm





media/file3.jpg
Hot/Dry
Scenario

Central
Scenario

Warm/Wet
Scenario

0-1°C

2035

1-2°C

e

2-3°C

A





media/file1.jpg
average
annual
(a7)

Projected
change in
temperature






media/file7.jpg
M -10%o0% [ 0%-5% s%-10% [l 10%-15% [ 15%-25%





media/file10.png
il

-15.0%

2035 2060
Hot/Dry D]I:l Hot/Dry
Central DIH Central ‘
Warm/Wet DIH |WarmNVet I ‘ I |
-5.0% 5.0% 15.0% 25.0% -15.0% -5.0% 5.0%

15.0%

25.0%





media/file9.jpg
-15.0%

205 200
wew | [T ay
e | () cova
warswe | (] =
S R T B A B i e

250%





media/file0.png





media/file8.png
2035 2060

Hot/Dry
Scenario

Central
Scenario

Warm/Wet
Scenario

B -10%-0% [ 0%-5% 5%-10% [ 10%-15% [ 15%-25%






media/file6.png
Hot/Dry
Scenario

Central
Scenario

WarmWet : #-
. g 4 - { oS 7 y 1
Scenario W\ L] W LA

B -20—-10cm [ -10-0cm 0-10cm | 10-20cm [ 20-35cm






