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Introduction
Regarding our global water footprint, Hoekstra and 
Mekonnen (2012) describe consumptive use of sur-
face and groundwater as blue water, rainwater as green 
water, and waste assimilation water as gray water. Con-
sumptive use can be direct use (including evaporated 
water) or indirect use (embedded volume of water in a 
product’s full supply chain); non-consumptive water use 
(return flow) is not included in any water footprint (WFN 
2009). Worldwide from 1996–2005, rain-fed agricultural 
production had a 91% green and 9% gray water foot-
print, while irrigated agriculture had 48% green, 40% 
blue, and 12% gray water footprint (Hoekstra and Hung 
2002; Chapagain and Hoekstra 2004; Mekonnen and  
Hoekstra 2011).  

Rainwater harvesting (RWH) is a technique to capture 
and store green water for future use. Examples include 
rain barrels and cisterns for non-potable household use 
and farm ponds for crop irrigation and livestock water-
ing. RWH is also a climate change adaptation strategy and 
rehabilitates ecosystems services for human well-being by 
reducing stormwater runoff, mitigating sewer overflows, 
conserving soil, and enhancing food and economic secu-
rity (USEPA 2008c; UNEP-SEI 2009). By increasing the use 
of green water, RWH can augment conventional central-
ized water supplies during water shortages and may func-
tion as a decentralized water system for climate change 
adaptation (Sedlak 2014). Globally, 71% of irrigated areas 
and 47% of large cities are reported to experience peri-
odic water shortages (Brauman et al. 2016). RWH practices 
widely used in Asia and Africa are of interest in the U.S., 
such as irrigation in North Carolina, Virginia, Texas, and 
Ohio. These states promoted RWH in their regulations as 
well (TWDB 2006; DeBusk et al. 2013; Shuster et al. 2013; 
ARCSA 2014; Thomas et al. 2014). In the southeastern U.S., 
RWH is getting attention due to recent droughts (DeBusk 
et al. 2013), and RWH adoption will likely increase in the 
face of unreliable rainfall during the growing season. 
While most of the Southeast received heavy downpours 
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in recent autumns, it also observed increases in moderate-
to-severe drought in spring and summer (12% and 14%) 
from 1970 to 2007 (USGCRP 2009; 2012; USEPA 2015). 

“Decreased water availability is very likely to affect [the 
Southeast] region’s economy as well as its natural systems” 
(USGCRP 2012). This is due to climate impacts combined 
with increased water demand, such as a 20% increase in 
agricultural irrigation by surface and groundwater with-
drawals in Georgia, anticipated to continue through 2050 
(Hook et al. 2009). However, adoption of RWH to com-
pensate for water needs can introduce environmental and 
human health impacts and their associated economic costs 
(USGCRP 2009; 2012). RWH impoundments can impact 
biodiversity and wetland and upland habitat by interrupt-
ing stream ecosystems (USEPA 1990). The number of small 
reservoirs in the Georgia Piedmont increased from 19 to 
329, mostly due to agricultural practices from 1950–1970 
and suburban growth from 1980–1990 (Ignatius and 
Jones 2014). Although water resource decisions are local, 
the scope of impact is national. Approximately 20% of  
2.6 million small water bodies account for the majority of 
standing water areas across the conterminous U.S. (Smith 
et al. 2002), and approximately half of the estimated 
80,000 ponds for fishing or irrigation in the Coastal Plain 
of Georgia are man-made (Vellidis 2015). Therefore, under-
standing the economic, environmental and human health 
impacts of RWH is crucial in decision making, especially 
in the context of current global climate change and water 
scarcity.

Life cycle impacts associated with production, installation 
and maintenance to point-of-use of domestic and agricul-
tural RWH systems include greenhouse gas (GHG) genera-
tion, energy use, smog, hydrologic impacts on blue water, 
and human and ecological health impairment (Ghimire et 
al. 2014). Life cycle assessment (LCA) is a widely accepted 
decision-support framework that assesses environmental 
and human health impacts of systems/products in a cra-
dle-to-grave approach. The International Organization for 
Standardization (ISO 2006b; 2006a) provides LCA’s frame-
work which includes goal and scope definition, inventory 
analysis, and life cycle impact assessment (LCIA). LCIA 
methods like the Tool for the Reduction and Assessment 
of Chemical and Other Environmental Impacts, or TRACI 
(USEPA 2012), characterize environmental emissions uti-
lizing inventory data such as that compiled and recom-
mended by the U.S. Environmental Protection Agency 
(EPA), National Institute of Standards and Technology, and 
Department of Energy (NIST 2013a; NREL 2013; USEPA 
2014b) in conjunction with commercially available data-
bases. LCA thus addresses problem-shifting effects with 
a systematic, holistic approach that produces a compre-
hensive suite of environmental and human health impact 
indicators of sustainability. Prior LCA modeling of domes-
tic RWH at household level and agricultural RWH at farm 
level found decreased environmental and human health 
impacts compared to conventional municipal drinking 
water and well water (Ghimire et al. 2014).

Previous studies have explored the feasibility and ben-
efits of RWH. Hydrologic feasibility of watershed-wide 
adoption of RWH was modeled in three watersheds within 

the Albemarle-Pamlico river basin in North Carolina and 
Virginia, where a 25% adoption rate reduced downstream 
water yield 6%–16% (Ghimire and Johnston 2013). Other 
U.S. examples include economic, environmental, and 
water quality evaluation of RWH in the midwestern U.S. 
(Anand and Apul 2011; Ghimire et al. 2012; Shuster et 
al. 2013) and RWH performance in the southeastern U.S. 
(Jones and Hunt 2010; Steffen et al. 2013). In Switzerland, 
Crettaz et al. (1999) performed LCA of RWH for toilet 
flushing and recommended a combined system of conven-
tional and low-flushing toilets for environmental benefits. 
An LCA of RWH for laundry use in Spain’s Mediterranean 
climate compared environmental impacts of various 
urban densities and reported favorable performance in 
compact density (Angrill et al. 2012). Globally, others have 
focused on RWH design in Taiwan (Liaw and Tsai 2004); 
RWH viability in Bangladesh and India (Alam et al. 2012; 
Van Meter et al. 2014); water saving, cost-effectiveness 
potential, and water quality evaluation of RWH in Sweden, 
Australia, and the UK (Villarreal and Dixon 2005; Eroksuz 
and Rahman 2010; Tam et al. 2010; Ward et al. 2012; van 
der Sterren et al. 2014); runoff volume reduction in China 
(Zhang and Hu 2014); hydrologic assessment in Africa and 
India (Ngigi et al. 2005; Glendenning and Vervoort 2010); 
RWH contamination issues (Lye 2009); and LCA environ-
mental and cost impacts in Europe (Roebuck et al. 2011). 
Other countries exploring RWH include Singapore, Japan, 
Germany, Thailand, Indonesia, the Philippines, and Brazil 
(UN 2014). The economic feasibility, hydrologic feasibility, 
environmental impacts, energy and water savings of RWH 
varies with design, water demand and rainfall availability, 
geographic location (topography), and pumping energy 
needs. Moreover, an understanding of RWH impacts at 
wider adoption scales (such as watershed-scale) holistically 
is an unknown, which is the primary driver of this study. 

A watershed-wide approach is preferred to address 
complex water resource and environmental manage-
ment challenges including water supply and recreation 
demands, aquatic habitat protection, and water quality 
regulations, as well as consideration of RWH and other 
green infrastructure practices (USEPA 1996; 2008b). The 
USEPA’s watershed ecological risk assessment process 
guides problem formulation, analysis, and risk charac-
terization to improve environmental decision making 
(Bruins and Heberling 2004; USEPA 2008a). The goal is to 
provide a more comprehensive perspective on watershed-
wide impacts of RWH to support sustainable use of water 
resources and minimize unintended consequences such 
as creation of new problems. We focus in this study on 
domestic RWH for toilet flushing and agricultural RWH 
for crop irrigation.

Objective and novelty
Our objective is to comprehensively address the impacts 
of RWH at the watershed scale, including LCIA impact 
categories of energy use, GHG emissions, human and eco-
logical health, in addition to life cycle water balance and 
life cycle energy cost savings. The study builds upon previ-
ous work (Ghimire et al. 2014) that compared the LCIA of 
household-level domestic RWH with municipal drinking 
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water for toilet-flushing and farm-level agricultural RWH 
with well water for crop irrigation. We analyze scaled, 
functional unit (normalized to 1 m3 water supply) impacts 
of cumulative energy demand, fossil fuel depletion, 
global warming potential, metal depletion, ozone deple-
tion, acidification, smog, blue water use, green water use, 
ecotoxicity-total, eutrophication-total, human health cri-
teria pollutants, human health cancer, and human health 
non-cancer. This study also addresses (1) the variation in 
domestic and agricultural RWH  adoption rates; (2) differ-
ences in holistic blue water savings; and (3) differences in 
cumulative energy cost savings in two types of RWH prac-
tices. While gray water use is an important consideration, 
it was not included due to LCA data limitations. 

Net water balance between reduced life cycle blue water 
(surface and ground water) use and harvested rainwater 
(green water) use, watershed-wide is also of interest. We 
evaluated net blue water savings by incorporating the loss 
in annual water yield due to watershed-wide RWH. The 
loss in water yield incorporates rainfall influences combin-
ing surface runoff, lateral flow, groundwater contribution 

(return flow from shallow aquifer), transmission losses, and 
pond abstractions. The difference in potential cost savings 
from the life cycle’s cumulative energy demand reduction 
are addressed for each watershed by performing life cycle 
cost assessment (LCCA) of an agricultural RWH system, 
contrasting it with the capital costs of RWH installation. 

Our approach utilizes functional unit LCIA impacts 
and embraces systems thinking through incorporation of 
environmental, economic, and social dimensions of sus-
tainability relevant to other locations. To our knowledge, 
no previous study has simultaneously addressed water-
shed-wide environmental and human health impacts and 
potential energy and cost savings of RWH.

Methods 
The study area includes Back Creek (152 km2 Hydrologic 
Unit Code or HUC # 30101010405), Sycamore Creek (41.5 
km2 HUC # 30202010802), and Greens Mill Run (33.9 
km2 HUC # 30201030403) within the Albemarle-Pamlico 
river basin in North Carolina and Virginia (Figure 1). 
These watersheds span a rural to urban land use gradi-

Figure 1: Study area within the Albemarle-Pamlico basin with 25% adoption rate for domestic RWH (DRWH) systems 
(1 dot = 100). Figure modified from Ghimire and Johnston (2013). DOI: https://doi.org/10.1525/elementa.135.f1

https://doi.org/10.1525/elementa.135.f1
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ent from the Highlands of Virginia to the Coastal Plain 
of North Carolina and include a total of 5,768, 10,296, 
and 11,582 households, and 34, two, and three farms, 
respectively (Table 1). The 30-year (1980–2009) mean 
annual precipitation is 106 cm for Back Creek, 111 cm for  
Sycamore Creek, and 127 cm for Greens Mill Run (Ghimire 
and Johnston 2013). RWH includes domestic systems for 
toilet-flushing equal to the number of households and 
agricultural systems for corn irrigation equal to the num-
ber of farms in each watershed consistent with near-opti-
mal RWH designs from Ghimire et al. (2014). The near-
optimal RWH systems minimize infrastructure through 
shortened pipe lengths and maximize the use of gravity 
for RWH delivery. 

We used adoption rates of 25%, 50%, 75% and 100%, 
with 25% a reasonable lower rate in light of increased inter-
est in RWH to span the potential range of adoption, con-
sistent with prior studies (Kahinda et al. 2009; Ghimire and 
Johnston 2013). Thomas et al. (2014) reported that approxi-
mately 90% of respondents used harvested rainwater for 
irrigation, and more than 25% of the harvested water was 
used for potable purposes. We also consulted water resource 
management researchers from various organizations regard-
ing the potential for RWH adoption in the region, includ-
ing The University of Georgia, EPA Region IV, the Natural 
Resources Conservation Service, the U.S. Army Corps of 
Engineers, and the Southeast representative of the American 
Rainwater Catchment Systems Association. 

Total household and farm numbers reflect the actual 
state of the watersheds. RWH systems are not currently 
installed and represent potential adoption scenarios. We 
estimated the number of agricultural RWH systems (Nt) in 

each watershed based on average area of a family farm (a) 
and actual area (AT); see Equation 1 and Table 1 (Ghimire 
and Johnston 2013). 
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Different adoption scenarios represent scaling of RWH at 
the specified percentage. 100% agricultural RWH adop-
tion equates to the ratio of all available farm areas to the 
designated average family farm size defined by Equation 
1. 50% adoption represents half of total available farm 
area, 0.5 × Nt. Agricultural RWH adoption represented 
the whole or partial farm, depending on percentage of 
adoption by all farms. For example, 25% adoption of total 
agricultural RWH systems in Sycamore Creek means that 
farmers utilized agricultural RWH in 25% of the available 
farm area. We estimated the number of domestic RWH 
systems equal to the household units in each watershed, 
obtained from the U.S. Census Bureau’s Topologically 
Integrated Geographic Encoding and Referencing hous-
ing units database (Table 1) (Bureau 2011). The LCA sys-
tem boundary for domestic RWH and agricultural RWH is 
shown in Figure 2.

Watershed-wide LCA impact calculations
Change or reduction in each impact category of domestic 
RWH and agricultural RWH was calculated with respect to 
baselines of conventional municipal drinking water and 
well water irrigation. Equation (2) quantified the change 
in watershed-scale life cycle impacts, based on functional 
unit impacts of 1 m3 of rainwater delivery with respect to 
a conventional water supply:

Figure 2: LCA system boundary for domestic rainwater harvesting (RWH), agricultural RWH, municipal drinking water 
(MDW), and well water from household/farm-level to watershed wide use (adapted from Ghimire et al. 2014): Water 
acquisition refers to RWH, surface water for MDW, and well water for irrigation. DOI: https://doi.org/10.1525/ele-
menta.135.f2

Table 1: Characteristics of study watersheds and number of RWH systems with 100% adoption rate, adapted from 
Ghimire and Johnston (2013). DOI: https://doi.org/10.1525/elementa.135.t1

Watershed Total area 
(km2)

Average 
farm area 

(km2)

Total farm 
area (km2)

Number of 
agricultural 

RWH systems

Urban 
area (%)

Number of 
domestic 

RWH systems

Back Creek 152 0.34 11.7 34 18 5,768
Sycamore 41.5 0.42 0.91 2 49 10,296
Greens Mill 33.9 1.6 4.6 3 62 11,582

https://doi.org/10.1525/elementa.135.t1
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where
Iw = change in watershed scale impact (Units)
A = RWH adoption rates (0.25, 0.50, 0.75, and 1)
Nt = total number of RWH systems (Table 1)
Qy = annual water demand for household toilet flush-
ing or corn crop irrigation (m3/y): the annual household 
toilet flushing water demand was estimated at 37 m3/y 
using average demand at 37.8 liter per capita per day for 
low-flush toilet (Ghimire et al. 2014) and crop irrigation 
demand estimated at 90,900 m3/y using 606 m3/day 
for 150 days per year irrigation (Ghimire and Johnston 
2013)
T = service life of a RWH system (50 y)
∆i = icon – irwh = difference in impact per 1 m3 of rain-
water delivery, irwh, with respect to conventional water 
supply, icon, (Units/m3), where Units are as follows: 
cumulative energy demand (MJ), fossil fuel depletion 
(kg oil eq), global warming potential (kg CO2 eq), metal 
depletion (kg Fe eq), ozone depletion (kg CFC11 eq), 
acidification (kg SO2 eq), smog (kg O3 eq), blue water 
use (m3), green water use (m3), ecotoxicity-total (CTU 
or comparative toxic units), eutrophication-total (kg 
N eq), human health criteria pollutants (kg PM2.5 eq), 
human health cancer (CTU), and human health non-
cancer (CTU). 

Life cycle assessment (LCA) methods 
A prior study (Ghimire et al. 2014) briefly summarized 
here provided the functional unit LCIA impacts (per m3 

water delivery) of domestic RWH at household level, agri-
cultural RWH at farm level, conventional municipal drink-
ing water for toilet flushing, and well water for irrigation. 
Calculations of impact per functional unit (i.e., icon and irwh 
in Equation 1) were performed using OpenLCA (OpenLCA 
2013), a publicly available software linked to the Ecoin-
vent database and the EPA’s LCIA methods. LCIA meth-
ods incorporated blue and green water use from water 
footprint methods (WFN 2009), fossil and metal deple-
tion methods from ReCIPE (Goedkoop et al. 2012), and 
the non-renewable cumulative energy demand method 
from Ecoinvent version 2.2 (Hischier et al. 2010) within 
TRACI version 2.0 (USEPA 2013). TRACI’s characterization 
of human toxicity and ecotoxicity was adapted from the 
USETox Model and adjusted to remove characterization of 
metal toxicity due to uncertainty (Bare 2002; Hauschild et 
al. 2008; Ghimire et al. 2014). 

Details on each impact category in TRACI are available from 
Bare (2011) and the USEPA (2012). TRACI utilizes the amount 
of chemical emission or resource used to estimate potential 
impact of each category, as described by Equation 3:

	 .    j km km j kmI CF M=∑ × �
(3)

where,
for a specific impact category, j:
Ij = the potential impact of all chemicals (k) 
CFkm.j = the characterization factor of chemical (k) emit-
ted to media (m) 
Mkm = the mass of chemical (k) emitted to media (m)

Our method (Equation 2) is based on linear scaling of the 
functional unit impacts compared to conventional water 
supplies. It should be noted that virtually all LCA studies 
(and databases) utilize simplified models of linear form, and 
normalizing unit process flows to functional unit is a widely 
accepted LCA practice (Heijungs and Suh 2002). Heijungs 
and Suh (2002) considered this concept mathematically 
by describing the scaling vector s as a function of exter-
nal demand (output flow) vector d and the inverse of flow 
matrix T (flows) in estimating unit process in a system, or s 
= T–1d. Economies of scale arising from wider adoption of 
RWH systems are beyond the scope of this study.

Life cycle inventory
Life cycle inventory (LCI) details including data inventory 
sources, design parameters, and underlying assumptions 
were described in a prior study (Ghimire et al. 2014), with 
near-optimal RWH system designs minimizing infrastruc-
ture through shortened pipe lengths and maximizing grav-
ity for delivery. The near-optimal domestic RWH systems 
used a polyethylene storage tank of 6.2 m3, reduced pipe 
length (5 m) of chlorinated polyvinyl chloride, and elimi-
nated the pump and pumping energy. Similarly, the near-
optimal agricultural RWH used polyvinyl chloride pipe 
of 150 m, polyethylene storage tank of 606 m3, and no 
pump or pumping energy. The Building for Environmental 
and Economic Sustainability database (NIST 2013a) and a 
European database (Ecoinvent 2012) were used to com-
plete the materials inventory.

Life cycle water balance 
We evaluated net life cycle blue water (surface and ground 
water) savings by incorporating the loss in annual water 
yield due to watershed-wide RWH. The loss in water yield 
incorporates rainfall influences combining surface runoff, 
lateral flow, groundwater contribution (return flow from 
shallow aquifer), transmission losses, and pond abstrac-
tions. Net water balance between reduction in life cycle blue 
water use and green water use is described (Equation 4): 

	  –  b rW BU GU= �
(4)

where 
Wb = life cycle water balance in a watershed (Mm3)
BUr = net reduction in life cycle blue water use (Mm3)
GU = life cycle green water use (i.e., harvested rainwater) 
(Mm3)

Life cycle water balance, Wb, is estimated utilizing the 
watershed scale savings in blue water and green water 
obtained from Equation 2. Equation 4 estimates reduction 
in embedded blue water in all life cycle stages of RWH com-
pared to green water harvesting over a 50 year lifetime. 
Blue water consumption or withdrawal does not include 
release to the same water body. Equation 4 also does not 
include rainfall influences. We integrate rainfall influence 
on life cycle water balance using watershed annual water 
yield loss, i.e., the combination of surface runoff, lateral 
flow, groundwater contribution, transmission losses, and 
pond abstractions in each watershed for 100% domestic 
and agricultural RWH adoption (Equation 5):
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		  H y a yB BU W R= − × �
(5)

where,
BH = annual blue water savings due to domestic or agri-
cultural RWH, compared to conventional water sup-
plies, by integrating rainfall (m3/y)
BUy = annual net savings in life cycle blue water use due 
to domestic or agricultural RWH, compared to conven-
tional water supplies (m3/y) (see Tables 2 and 3)
Wa = watershed area contributing to total water yield 
(m2) (see Table 1)
Ry= the loss in annual water yield due to domestic or 
agricultural RWH, compared to no-RWH annual water 
yield (m3/y) (Equation 6):

	
12 12

1 .0 1 .YYy i i i i RR = ==∑ −∑ �
(6)

where,
Yi.0 is the monthly water yield for No-RWH and Yi.R is the 
monthly water yield for the specified RWH adoption 
within the watershed (m/month). Water yield, Yi for each 
RWH system, is defined as the net amount of water leav-
ing the watershed during the monthly time step (Equa-
tion 7) obtained from Ghimire and Johnston (2013):

	
( )1

  – –
1000iY  S  L  G  R  P
⎛ ⎞⎟⎜= × + +⎟⎜ ⎟⎟⎜⎝ ⎠ �

(7)

where, for monthly time step, 
Yi = net amount of water leaving the watershed during 
the monthly time step (m/month)
S = surface runoff contribution to streamflow  
(mm/month)
L = lateral flow (within the soil profile) contribution to 
streamflow (mm/month) 
G = groundwater contribution (return flow from shallow 
aquifer) to streamflow (mm/month)
R = transmission losses (becomes recharge for the shal-
low aquifer) from tributary channels via transmission 
through the bed (mm/month) 
P = pond abstractions (net change in water volume of 
pond) (mm/month)

( ) ( )1 1
1000 1000  a conversion factor, i.e.,   1 m mm= =

Yis (Equation 6) were obtained from Ghimire and John-
ston (2013) who used the Soil and Water Assessment Tool 
(SWAT) model developed by the U.S. Department of Agri-
culture to simulate change in water yield (Yis) of domestic 
and agricultural RWH systems within the three watersheds 
(Arnold et al. 2011). Thirty-year (1980–2009) daily rainfall 
data (NCDC 2012) were used as input, and for details on 
SWAT-based RWH model development, calibration and 
validation, see Ghimire and Johnston (2013). 

Life cycle cost savings due to cumulative energy 
demand reduction
Energy cost savings from watershed-wide life cycle cumu-
lative energy demand reduction are provided for potential 
cumulative energy savings (Equation 8):

	
52.78 10s e sC P E= × × × � (8)

where,
Cs = potential energy cost savings in $
Es = cumulative energy demand savings (TJ) (obtained 
from Equation 2)
Pe = energy price, ($0.103/kWh) (USEIA 2014) 
2.78 × 105 = a conversion factor (i.e., 1TJ = 2.78 × 105 
kWh)

The cumulative energy savings (Es) for domestic RWH and 
agricultural RWH systems adopted to watershed-scale were 
calculated using Equation 2, and corresponding potential 
energy cost savings Cs were estimated by Equation 8.

Combined with life cycle costs, LCIA impact reduc-
tion provides a more comprehensive perspective on 
economic viability of agricultural RWH systems. We dis-
cuss the economic viability of RWH by combining the 
initial capital cost of agricultural RWH system with the 
cumulative life cycle energy savings (see Supplementary 
Material for LCCA details). The economic viability of agri-
cultural RWH involves combining the cumulative energy 
cost savings with life cycle costs of installing, replacing, 
operating and maintaining a near-optimal agricultural 
RWH system. The contributions of cumulative energy 
cost savings to recouping RWH system life cycle costs are 
discussed by comparing them to conventional irrigation 
water prices. Economic viability of domestic RWH was 
not included because it is not a primary consideration 
for its adoption. 

We also performed sensitivity analysis of future discount 
rates to LCCA, from 3% to 10%, similar to the Department 
of Energy’s minimum and maximum real discount rates, 
as stated by the Code of Federal Regulations 10 CFR 436, 
Federal Energy Management and Planning Programs (§ 
436.14, page 521) (Register 1999). 

Results and discussion
Compared to conventional water supply watershed-wide 
domestic RWH adoption in the three watersheds reduced 
the 14 LCIA impact scores, except for ecotoxicity impact 
of domestic RWH (Table 2). The exception in ecotoxicity 
impact was consistent with the greater functional unit (per 
household) ecotoxicity score at 7.3 × 10–04 Comparative 
Toxic Units/m3 (CTU/m3) for near-optimal domestic RWH 
than that of the conventional municipal water supply at  
6.3 × 10–04 CTU/m3 as reported by Ghimire et al. (2014). 
The ecotoxicity factor CTU is an estimate of the potentially 
affected fraction of species integrated over time and volume, 
per unit mass of a chemical emitted. The characterization 
factor for human toxicity impacts is the estimated increase 
in morbidity in the total human population, per unit mass 
of a chemical emitted, assuming equal weighting between 
cancer and non-cancer.

Agricultural RWH adoption in the three water-
sheds reduced all 14 LCIA impact scores compared to 
conventional well water irrigation (Table 3). Impact 
reductions varied with RWH adoption rates and the 
watershed in consideration: domestic RWH impact 
reductions for Sycamore and Greens Mill were twice 
those of Back Creek, and reductions due to agricul-
tural RWH were 17 times higher for Back Creek than 
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Sycamore. Importantly, savings from agricultural RWH 
for life cycle energy demand were 10 times greater than 
domestic RWH in Back Creek watershed, but lower 
(~0.4 times domestic RWH savings) in Sycamore and 
Greens Mill, offering the opportunity to provide eco-
nomic incentives (e.g., tax incentives) for agricultural 
RWH adoption in a watershed with a greater number of 
farms (Tables 2 and 3).

For 25% domestic RWH adoption rate, impact reduc-
tions ranged from 21–43 TJ cumulative energy demand, 
267–536 Mg oil eq fossil fuel depletion, 1167–2343 Mg 
CO2 eq. global warming potential, 15–31 Mkg H+ mole 
eq. acidification, 76–153 Mkg O3 eq. smog, 3–6 Mm3 blue 
water use, 10–20 Mkg N eq. eutrophication, and 1–2 Mkg 
PM2.5 eq. human health criteria pollutants (Table 2). With 
a 25% adoption of agricultural RWH, the impact reduc-
tions ranged from 12–210 TJ cumulative energy demand, 
594–10092 Mg CO2 eq. global warming potential, and 
39–2 Mm3 blue water use (Table 3). Reductions were 
higher in Back Creek for agricultural RWH than domestic 
(from 4 – 41 times) but lower in the other two watersheds 
(from 10% – 60% of domestic RWH reductions), except 
for metal depletion, ecotoxicity, and human health-cancer 
impacts (Tables 2 and 3). The reduction in other envi-
ronmental dimensions such as ecotoxicity impact due to 
100% agricultural RWH watershed-wide over the lifetime 
of 50 years was substantial at 123602 CTU in Back Creek 
watershed, although it was negative (at –1069 CTU) due 
to 100% domestic RWH. Similarly, life cycle reduction in 
smog impact (as ground level ozone) due to 100% agricul-
tural RWH adoption in Back Creek watershed was 2669 
Mkg O3 eq., much higher than domestic RWH at 305 Mkg 
O3 eq. Larger agricultural RWH reductions in Back Creek 
are due to more farms, and larger domestic RWH reduc-
tions in Greens Mill watershed are due to more house-
holds. The reduction in watershed scale LCIA score varied 
by adoption rates, watersheds, and number and type of 
RWH systems; however, the % reduction differed only by 
the type of RWH as demonstrated by Equation 2. Percent 
reduction of watershed-scale domestic RWH impact with 

respect to conventional municipal water supply ranged 
from 13% (metal depletion) to 99.9% (blue water use) 
(Table 2). Similarly, % reduction of watershed-scale agri-
cultural RWH impact with respect to conventional well 
water irrigation ranged from 20% (metal depletion) to 
99.9% (blue water use) (Table 3). 

Differences in life cycle water balance
Agricultural RWH green water use offset blue water use 
1:1 (~155 Mm3:155 Mm3). While agricultural RWH blue 
water use reductions were 12 times those of the domes-
tic RWH in Back Creek, agricultural RWH reductions were 
lower (~0.5 times) than domestic RWH reductions in Syca-
more and Greens Mill watersheds, due to more households 
and fewer farms (Tables 2 and 3). Life cycle water balance 
analysis also showed greater water balance in urban areas 
with more households and in the rural areas with more 
farms (Equation 4 and Figures 3 and 4).

 Life cycle water balance for 25% domestic RWH adop-
tion ranged from 0.5 – 1.1 Mm3 (Figure 3a), suggesting 
increased surface water availability for downstream eco-
systems. This is of particular interest in the light of down-
stream water availability reduction by 6% due to 25% 
RWH adoption in Back Creek watershed (Ghimire and 
Johnston 2013) because from a life cycle point of view, 
this reduction can be offset by life cycle blue water sav-
ings. Also, the water balance analysis for agricultural RWH 
(Figure 3b) revealed that reducing blue water use approx-
imately equals harvested rainwater, offsetting ground 
water irrigation. For maximum adoption rates of 100%, 
the estimated life cycle green water use (or captured 
rainwater) per unit watershed area for domestic RWH in 
Greens Mill and agricultural RWH in Back Creek were at 
0.63 Mm3/km2 and 1.02 Mm3/km2 (Figure 4a, b).

Potential life cycle blue water cost savings from RWH 
are considerable at larger geographic scales. Considering a 
domestic water price of $1.6/m3 (Mayer et al. 1999), poten-
tial maximum life cycle cost savings from domestic RWH 
blue water use reduction (26 Mm3) over a lifetime of 50 
years are $41.1M for Green Mills watershed. Considering 

Figure 3: Life cycle water balance for (a) domestic RWH  adoption of 25%, 50%, 75%, and 100% and (b) agricultural 
RWH  adoption of 25%, 50%, 75%, and 100%. DOI: https://doi.org/10.1525/elementa.135.f3
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an irrigation water price of $0.1/m3 (Wichelns 2010), 
maximum potential life cycle blue water cost savings from 
agricultural RWH (reduced blue water use 155 Mm3) are 
$15.5M for Back Creek watershed. Savings increase with 
rising tiered water price structures, increasing block rates 
as the water use increases (USEPA 2016). In Atlanta, GA, 
for example, the average monthly water rate for a family 
of four using 189.3 liters (50 gallons) per capita per day 
and 567.8 liters (150 gallons) per capita per day were at 
$1.76/m3 and $2.05/m3 in 2015 (Walton 2015), and the 
life cycle blue water cost savings can be even higher for 
these water rates. In a 2015 survey of 30 major U.S. cit-
ies, the household water bill had increased 41% since 2010 
(Walton 2015). The survey also reported that, in 2015, the 
highest monthly water bill for a family of four using 378.5 
liters (100 gallons) per person per day was $153.78/family-
month in Santa Fe, New Mexico, equating to $3.39/m3, i.e., 

3
3

$153.78 
 $ 3.39 /m

days gallons m
  4    30   1 00    0.00379 

month day person gallon
persons

month
family

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥=⎢ ⎥
⎢ ⎥× × × ×⎢ ⎥−⎣ ⎦

 and the lowest rate was $ 0.51/m3 in Fresno, California. 
Note that the life cycle water balance addressed the net 

savings of embedded blue water by accounting for green 
water use in all life cycle stages of RWH systems during a 
service life of 50 years. Further analysis incorporating rain-
fall effects in life cycle water balance (Equation 5) revealed 
greater annual holistic blue water savings for 100% agricul-
tural RWH for Back Creek (2.4 Mm3/y) and Sycamore Creek 
(0.1 Mm3/y), due to more farms and lower water yield 
losses. Negative savings were found in Greens Mill due to 
higher water yield loss and fewer farms (Figure 5a–c). For 
100% domestic RWH, holistic blue water use reduction in 
Greens Mill watershed was higher than others (0.1 Mm3/y) 
due to more domestic RWH systems (Figure 5a). We need 

Figure 5: (a) annual water loss, (b) annual water yield, (c) holistic annual water balance for 100% domestic RWH and 
agricultural RWH adoption in three watersheds. DOI: https://doi.org/10.1525/elementa.135.f5

Figure 4: Captured life cycle green water per unit watershed area for (a) domestic RWH  adoption of 25%, 50%, 
75%, and 100% (b) agricultural RWH  adoption of 25%, 50%, 75%, and 100%. DOI: https://doi.org/10.1525/ele-
menta.135.f4
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to draw an important distinction between LCA impacts and 
life cycle water impacts. LCA impacts can be combined; 
however, agricultural and domestic RWH life cycle water 
balance impacts were modeled separately using the SWAT 
model. Holistic blue water balance integrating water yields 
is not additive (100% DRWH and 100% ARWH cannot be 
combined).

Differences in cumulative energy cost savings 
While domestic RWH in Greens Mill realized 57.8% cumu-
lative energy savings when compared to municipal drink-
ing water, agricultural RWH in Back Creek realized 77.7% 
cumulative energy savings compared to well water irriga-
tion. Cumulative energy savings ranged from 43–171 TJ 
domestic RWH to 210–838 TJ agricultural RWH savings 
at adoption rates of 25% and 100% (Figure 6a). Poten-
tial energy cost savings (Equation 8) from watershed-wide 
life cycle cumulative energy use reduction over a lifetime 
of 50 years are in the millions of dollars. Potential maxi-
mum lifetime energy cost savings were estimated at $5M 
and $24M corresponding to domestic RWH in Greens Mill 
and agricultural RWH in Back Creek watershedsy (Figure 
6b), which are substantial amounts that indicate poten-
tial economic viability. This savings is approximately  
$421/household over the lifetime of domestic RWH 
systems in Greens Mill. Note that this value does not 
reflect the potential savings realized by municipalities 
who may be required to upgrade or replace conventional 

infrastructure. In Back Creek watershed, $705,515/farm 
would be realized over the lifetime of agricultural RWH 
systems. On an annual basis, potential maximum energy 
coss savings for domestic RWH in Greens Mill was $8.42/
household and was $14,110/farm for agricultural RWH in 
Back Creek. 

The economic viability of RWH is further investigated 
by combining cumulative energy cost savings with initial 
capital costs and life cycle costs of installing, replacing, 
operating and maintaining an agricultural RWH system. 
We estimated initial capital costs of an agricultural RWH 
system at $271,314 (details in Supplemental Material), 
equal to $0.060 per m3 rainwater supply for irrigation 
of 4,545,000 m3. This price matches approximately the 
median conventional irrigation water price that ranges 
from $0.005/m3 to $0.10/m3 in the U.S. (Wichelns 2010). 
We estimated life cycle costs of an agricultural RWH sys-
tem at $0.11/m3 (details in Supplemental Material). The 
life cycle energy cost savings are estimated at $0.16/
m3 using $6M lifetime savings at the 25% adoption 
rate of agricultural RWH in Back Creek watershed, i.e.,  
$6M/(0.25 × 34 farms × 4545000 m3/farm) (Figure 6b). 
The difference in estimated life cycle cost of rainwater for 
agricultural irrigation ($0.11/m3) and conventional irriga-
tion ($0.10/m3) can be recouped by life cycle cumulative 
energy cost savings at $0.16/m3. LCCA of domestic RWH 
was not performed because it is not a primary considera-
tion for its adoption.

Figure 6: (a) Cumulative energy savings and (b) life cycle cost savings due to cumulative energy reductions by domestic 
RWH (DRWH) and agricultural RWH (ARWH) adoption rates in three watersheds: Back Creek (BC), Sycamore Creek 
(SC), and Greens Mill (GM). DOI: https://doi.org/10.1525/elementa.135.f6
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The viability of increased RWH adoption is influenced 
by water requirements, system design, material and 
energy throughput, and water price, as well as future dis-
count rates (Ghimire et al. 2012). The real discount rate 
at 3% (i = 0.03) was used in all life cycle cost calculations 
as suggested by the National Institute of Standards and 
Technology (NIST 2013b). Sensitivity analysis of future 
real discount rates (3% – 10%) on life cycle costs of agri-
cultural RWH per functional unit of water delivery (1 
m3) suggested lower RWH life cycle cost with higher dis-
count rates. Agricultural RWH water price ranged from  
$0.08/m3 to $0.11/m3, corresponding to 10% and 3% real 
discount rates (Figure 7). Although cost savings evalua-
tion for remaining impacts and other RWH uses is beyond 
the scope of this study, environmental and human health 
impact reductions contribute positively to the overall via-
bility of RWH. 

Energy use and GHG emissions
Energy supplies (coal, natural gas, oil) are the largest 
source of global GHG emissions (USEPA 2014a), and 
energy reductions result directly in reduced emission con-
tributions. RWH indicated potential cumulative energy 
savings as well as reductions in GHG emissions. Total U.S. 
GHG emissions in 2012 were 6,526 M Metric Tons of CO2 
eq., with agriculture accounting for approximately 10% 
(USEPA 2014b). The annual GHG reduction per farm was 
24 Metric Tons of CO2 eq/Farm-Year (i.e., 40369 Metric 
Tons of CO2 eq/34 farms × 50 y), with substantial reduc-
tions possible watershed-wide. Maximum potential GHG 
emission reduction due to agricultural RWH for the three 
watersheds varied from 3562–40369 Metric Tons of CO2 
eq. (Table 3). Life cycle emission reduction through agri-
cultural RWH adoption may have the co-benefit of helping 
to fulfill U.S. commitments to the United Nations Frame-
work Convention on Climate Change (USEPA 2014b) when 
considered at the watershed scale.

The methodology is generally applicable to other regions 
with comparable watershed characteristics, installation 
costs, and treatment technologies, but it requires appro-
priate data such as life cycle inventory of used material and 
energy. Watersheds with higher water yields due to greater 

rainfall can contribute to water resource sustainability by 
offsetting water yield losses over life cycle blue water sav-
ings of RWH. However, variation in land use/cover type, 
topography, geology, land surface evaporation, water rout-
ing, and quick flow versus impoundments and the social 
preferences of water sources (e.g., conventional water sup-
plies versus RWH) influence holistic blue water savings 
but are beyond the scope of this study. We also note that 
grey and black water (i.e., municipal wastewater) reuse can 
also increase water resource sustainability, considering 
that annual coastal wastewater discharge is approximately 
6% of the U.S. total estimated water use (NRC 2012). Grey 
and black water reuse were not considered due to data 
limitations. 

As climate change becomes more severe and com-
munities across the southeastern U.S. experience more 
frequent droughts (USGCRP 2012), interest in RWH as a 
climate change adaptation strategy is expected to increase. 
Attention must be given not only to potential benefits 
but also to human health and environmental impacts. 
This study utilized a near-optimal design that minimized 
material and energy inputs, consistent with Ghimire et al. 
(2014). Potential energy savings and impact reductions vary 
with water treatment processes and costs, annual rainfall 
and water demand, and regulatory standards and design 
requirements. Tradeoffs may also exist between other irri-
gation water sources such as rivers versus well water, pri-
marily due to pumping energy caused by spatial variation 
from pumping distance and necessary pump head.

Conclusions
Societies across the U.S. and around the world require reli-
able water supply in the face of population growth and 
climate change. RWH is being recognized not only as a 
viable decentralized water supply option for augmenting 
modern centralized water infrastructures that are costly 
and resource intensive but also as a green infrastructure 
strategy for climate change adaptation. Policies are chang-
ing to encourage RWH adoption, but RWH sustainability 
(including unintended environmental consequences and 
economic viability) should be well studied and across 
scales. We provided a holistic assessment of environmental 

Figure 7: Sensitivity of life cycle costs of agricultural RWH to real discount rates. DOI: https://doi.org/10.1525/ele-
menta.135.f7

https://doi.org/10.1525/elementa.135.f7
https://doi.org/10.1525/elementa.135.f7


Ghimire and Johnston: Holistic impact assessment and cost savings of 
rainwater harvesting at the watershed scale

Art. 9, page 13 of 17

and economic viability of domestic and agricultural RWH 
at the watershed scale in the southeastern U.S., evaluat-
ing differences in holistic water savings, life cycle energy 
cost savings, and GHG emission reductions of both RWH 
systems in addition to life cycle costs of agricultural RWH. 

Watershed-scale impact reductions due to agricultural 
RWH were 17 times higher for Back Creek than Sycamore 
due to more farms, and domestic RWH impact reductions 
for Sycamore and Greens Mill were twice those of Back Creek 
due to more households. Domestic RWH reduced life cycle 
environmental and human health impacts compared to 
municipal drinking water, ranging from 57.8% cumulative 
energy demand to 99.9% blue water use. Agricultural RWH 
also reduced the environmental and human health impacts 
compared to well water, ranging from 20% metal depletion to 
99.9% blue water use. Life cycle costs combined with impact 
reductions, and benefits from shifting to green water over 
blue water use translates directly to water resource sustaina-
bility in terms of return on investment and blue water avail-
ability by offsetting surface and ground water consumption. 
While the difference in estimated life cycle cost of rainwater 
for agricultural irrigation versus conventional irrigation cost 
can be recouped by life cycle cumulative energy savings at  
$0.16/m3, the holistic water balance analysis revealed that 
reducing blue water use approximately equals harvested 
rainwater. Increased green water use over blue water, 
reduced energy demand, savings in life cycle energy costs, 
and decreased global warming potential indicate the poten-
tial of RWH as a sustainable water resource management 
strategy. 

Policies encouraging RWH practices, allowing, defin-
ing, and clarifying RWH use for various purposes due to 
climate change are increasing across the U.S.oin Texas, 
Ohio, Virginia, North Carolina, Illinois, and California, and 
internationally to Australia, the U.K., Canada, and India 
(TWDB 2006; GANC 2009; EA 2010; VDH 2011; NCSL 
2014). While many states allow rainwater for non-potable 
purposes, states such as Ohio and Texas allow the prac-
tice for potable purposes as well (NCSL 2016). This study 
more comprehensively evaluates potential economic and 
environmental benefits of RWH at a range of adoption 
rates, 25%, 50%, 75%, and 100% and identifies potential 
economic savings. RWH adoption, even at the lower end 
of the spectrum, has positive implications for water bal-
ance, energy savings, and GHG emission reductions. This 
systems approach to impact assessment also avoids unan-
ticipated effects of cumulative impacts between different 
product systems (e.g., RWH components) which can lead 
to unintended consequences. 

There are limits to our study related to inherent limita-
tions of LCA. Attribution of ecological and human health 
impacts to a specific geographic scale, i.e., local versus 
national or regional, is a known limitation of current LCA 
methodology. As an example, eutrophication, although 
considered regional, may or may not be realized within 
the assessment area boundary due to the use of surrogate 
data from Ecoinvent. This study builds on the previous LCI 
database (Ghimire et al. 2014), Building for Environmental 
and Economic Sustainability (BEES) (NIST 2013a), U.S. LCI 
(NREL 2013), and a European database (Ecoinvent 2012). 

Although use of surrogate data in the life cycle inventory 
is an accepted and necessary practice, the result is that 
global impacts such as global warming and ozone deple-
tion are generally considered representative of that scale, 
but local, regional and national impacts must be quali-
fied by the data relied upon. Future research should focus 
on the data and methods needed to attribute impacts to 
these various scales of exposure. Other issues such as reg-
ulatory requirements on water quality, water withdrawal, 
and plumbing codes should also be considered. This study 
intended to inform decentralized RWH decision making 
for sustainable water management from an increase in 
heavy downpours to more frequent droughts. 
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