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Abbreviations1 12 

Abstract 13 

Urban areas in Denmark are currently challenged by the increase in extreme precipitation events, 14 

resulting in heightened flood risk, and higher water stress caused by population growth. Therefore, 15 

we need to diversify water resources and reshape stormwater management.   16 

Our study evaluated the potential for increasing economic value while reducing the environmental 17 

impacts of implementing new concepts for non-potable rainwater use in a new urban development. 18 

We analysed five alternatives: a conventional groundwater-based drinking water system (A0-GW), 19 

                                                           
1 CT: Centralised treatment; DW: Drinking water; FU: Functional unit; GW: Groundwater; LCA: Life 
cycle assessment; PVA: Processes generating value added; PVL: Processes generating value loss; RO: 
Reverse osmosis; RWH: Rainwater harvesting; SW: Secondary water; SWTP: Secondary water treatment 
plant; TVA: Total value added; UF: Ultrafiltration; UV: Ultraviolet; VA: Value added; WWTP: 
Wastewater treatment plant. 
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three types of centralised ways of treating runoff collected from impervious areas (CT1-CT3) and a 20 

decentralised system for rainwater harvesting (DT-RWH).  All five alternatives included 21 

stormwater collection with a system of basins and trenches for flood protection.   22 

Potential environmental impacts were quantified by life cycle assessment (LCA), while the 23 

economic system value was assessed in terms of total value added (TVA). The LCA and TVA were 24 

evaluated over the entire water chain, including effects at the end-user level and an estimation of the 25 

single economic added value for each stakeholder. A combined LCA and TVA provided an 26 

assessment of eco-efficiency.   27 

The four runoff-based alternatives exhibited up to 95% reduced freshwater depletion impacts 28 

compared to the conventional drinking water system. In all alternatives, more than 94% of the 29 

ecotoxicity impacts were due to the discharge of metals (zinc and copper) from runoff into 30 

freshwater, and the three centralised treatment alternatives (CT1-CT3) reduced ecotoxicity by 80%.  31 

Overall, the two centralised ultrafiltration plants (CT1-CT2) showed the lowest effects in all impact 32 

categories, except for reserve base resource depletion, which was affected by stainless steel 33 

production.  34 

CT1-CT2 also showed slightly higher TVA (app. +3 to 5%) compared to conventional treatment. 35 

The TVA for CT3 and DT-RWH was found to be between -14% and -116% lower than 36 

conventional treatment. Except for the reserve base resource depletion category, CT1 and CT2 were 37 

considered the more eco-efficient alternatives compared to the conventional drinking water system.  38 

Keywords 39 

Water supply; secondary water treatment plant; non-potable water; environmental impacts; life 40 

cycle assessment; total value added 41 
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1. Introduction  42 

Urban water utilities are diversifying their resource and water handling systems. Diversification can 43 

be part of a strategy to build resilience to global changes, and sometimes it also promotes 44 

environmental consciousness in the supply areas (Rygaard et al., 2011b; Fragkou et al., 2016). Still, 45 

very few of these types of water system have been assessed rigorously for their environmental and 46 

economic impacts on society.   47 

A changing climate is expected to cause an increase in extreme precipitation events in certain areas, 48 

and the resulting heightened flood risk can only be reduced by reshaping current stormwater 49 

management (Kundzewicz et al., 2007). From the perspective of supplementing existing water 50 

supply options and ensuring effective stormwater management for the future, urban water systems 51 

and technologies can be designed to support flood prevention while also use collected rainwater as a 52 

secondary, non-potable water supply. Such integrated stormwater management practices enhance 53 

the ecological value of the urban environment, increase flood safety levels and provide rainwater 54 

for domestic use – as demonstrated in an increasing number of studies (Domènech and Saurí, 2011; 55 

Gill et al., 2007; Wong et al., 2012). 56 

In recent years, Denmark has been affected by climate change in the form of increased heavy rains 57 

and subsequent flooding in cities (Gregersen and Arnbjerg-Nielsen, 2012). The Danish government 58 

now requires the implementation of climate change adaptation plans for all of its cities, to mitigate 59 

damages from flooding and, for example, reduce the number of untreated overflows from combined 60 

sewer systems (Miljøstyrelsen, 2014). Sørup et al. (2012) showed that the integrated use and 61 

management of rainwater can reduce conventional drinking water demand and reduce the load on 62 

wastewater treatment plants by 38-50%.  63 
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This integrated approach is applied in Nye, a new development that upon completion will host 64 

20,000 citizens in Aarhus, Denmark. It is the intention that Nye will be an environmentally low-65 

impact community and partly self-sufficient in terms of water through the integrated management 66 

of rain- and stormwater, the latter of which will be collected, stored and treated locally in a 67 

combined effort to avoid flood damage and to replace the use of drinking water for toilet flushing 68 

and laundry (Nye, 2016).  69 

Life-cycle assessment (LCA) is used increasingly in the sustainability assessment of urban water 70 

systems, water supply technologies, water treatment, water recycling technologies (Amini et al., 71 

2015; Fang et al., 2016; Ghimire et al., 2017; Godskesen et al., 2013; Igos et al., 2014; Jeong et al., 72 

2015; Lam et al., 2017; Li et al., 2014) and reclaimed wastewater treatment for non-potable urban 73 

reuse (e.g. Opher and Friedler, 2016). LCAs have also been used to assess stormwater management 74 

systems for flood prevention (Petit-Boix et al., 2015; Brudler et al., 2016).  Jeong et al. (2016) 75 

quantified the environmental impacts of a hybrid water system aiming at collectively controlling 76 

stormwater, harvesting rainwater for non-potable water reuse and providing potable water through a 77 

conventional water system. Their results show that from an LCA perspective, hybrid systems have 78 

higher impacts than conventional systems, if implemented in low population density areas, while 79 

showing comparable performance as population density increases. Their assessment does not, 80 

however, include the effect at the end-user level or a quantification of the economic effects.  81 

Some authors have expanded the environmental assessment with economic impacts for urban water 82 

systems by estimating the total economic value added (TVA) and providing eco-efficiency 83 

indicators (Angelis-Dimakis et al., 2016; Ribarova et al., 2013; Stanchev and Ribarova, 2016), 84 

while others have assessed the eco-efficiency of flood prevention actions in cities (Petit-Boix et al., 85 

2015; Petit-Boix et al., 2016). Arampatzsis et al. (2016) state that eco-efficiency indicators applied 86 
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to real case studies are lacking, and they highlight the usefulness of the eco-efficiency tool for 87 

comparing different alternatives or improvements for the same system.  88 

Our study expands understanding of the environmental and economic impacts that stem from 89 

changing conventional water management to an integrated and partly decentralised system in light 90 

of climate change. We aim to:  91 

• Develop a generic method that combines economic and environmental assessments for an eco-92 

efficiency evaluation of water systems; 93 

• Comprehensively quantify and relate environmental impacts to economic effects throughout an 94 

urban water system’s water chain;  95 

• Assess the economic added value for each of the directly involved stakeholders;  96 

• Quantitatively support the planning and decision-making process for the implementation of a 97 

new drinking water and stormwater management system in Nye.  98 

 99 

 100 

 101 

 102 

 103 

 104 

 105 

 106 

 107 

 108 

 109 
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2. Materials and methods 110 

2.1. Study Area 111 

The first phase of the new urban development at Nye comprises 18 hectares and will accommodate 112 

2,000 inhabitants upon completion, serving as a model for the future development of up to 150 113 

hectares. In total, 79% of the properties will be single-family houses, and the remaining 21% will be 114 

housing units. The average annual temperature of the area is app. 8o C, with daily values between -115 

4o C in January and 20.1o C in July (DMI, 2018).  The average annual precipitation for the area is 116 

688 mm, the projected maximum 1-year return period rainfall is 31 mm/24hr, and for a 10-year 117 

return period it is 52 mm/24hr (Bülow et al., 2014). In Nye, rain and stormwater will be collected in 118 

open trenches and channels and stored in surface basins, which will prevent flooding during events 119 

with a return period of up to 10 years, while the trenches will have a 5-year return period. Green 120 

areas and parking areas have been designed to retain water until it can be discharged into the 121 

trenches during extreme events, with return periods over 10 years. Additionally, the basins and 122 

trenches will provide important recreational and aesthetic value by introducing green and blue 123 

elements into the urban environment.  124 

The area is subdivided into four sub-catchments with individual basins, all of which will ultimately 125 

discharge into the same basin (Fig. 1).  126 

2.1.1. Alternative definitions 127 

Five different alternatives for providing water for toilet flushing and laundry were evaluated in this 128 

study (Table 1). The baseline was defined as business-as-usual, i.e. a conventional drinking water 129 

system (A0-GW), where treated groundwater (GW) is used for potable and non-potable purposes. 130 

Three alternatives (CT1-CT3) involved the central treatment of stormwater (CT) in a secondary 131 

water treatment plant (SWTP), from where treated water is distributed to households for non-132 

potable purposes. The alternatives differed regarding the treatment technology: CT1 UF-UV 133 
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involved ultrafiltration (UF) and ultraviolet (UV) disinfection. In CT2 UF-H2O2, UV disinfection 134 

was substituted by a novel H2O2 disinfection technology. In CT3 RO-UV, reverse osmosis (RO) 135 

replaced UF treatment. The fifth alternative DT-RWH suggested decentralised rooftop rainwater 136 

collection from each of the 273 buildings. All of the developed alternatives were designed to 137 

provide water of a quality suitable for non-potable purposes (Tang and Albrechtsen, 2016). 138 

Table 1. Key processes and effects of the evaluated alternatives. DW: drinking water, SWTP: secondary 139 

water treatment plant, WWTP: wastewater treatment plant. Additional information is found in Appendix A 140 

in the Supplementary Material.  141 

Alternative Intake Treatment Distribution Use Discharge to 
freshwater 

A0-GW Groundwater 
abstraction 

Sand filtration and 
aeration at 
conventional 
waterworks 

DW pipes from 
waterworks to end-
users, supplying 
drinking water for all 
uses 

Potable/non-
potable. Effects of 
water hardness of 
265 mg/l CaCO3 
on electricity and 
laundry detergent 
consumption 

Pollutants in 
stormwater are 
partly removed 
through vegetation 
in the trenches and 
sedimentation in 
the basins, before 
discharge. 
Household 
wastewater is 
treated at a WWTP 
prior to discharge. 

CT1 UF-
UV 

Rainwater/stormwater 
collection from roofs 
and roads. 
Stormwater collected 
through a system of 
wet basins and 
channels 

Centralised SWTP 
with a capacity of 6 
m3/h located at 
basin (D). 
Treatment steps: 
sand filter, pre-filter 
(300 µm), 
ultrafiltration, 
storage tank (60 
m3), UV-
disinfection  

Dual pipe distribution: 
conventional drinking 
water pipe system as in 
A0-GW supplying 
potable water, and a 
secondary water pipe 
system for treated 
rainwater/stormwater 
from the  SWTP for 
non-potable uses (toilet 
flushing and laundry) 

Non-potable. 
Effects of water 
hardness of 145 
mg/l CaCO3 on 
electricity and 
laundry detergent 
consumption  

Pollutants in 
stormwater are 
partly removed 
through vegetation 
in the trenches and 
sedimentation in 
the basins.  
Reject water from 
the SWTP is 
discharged directly 
to a freshwater 
recipient. Non-
potable household 
wastewater is 
treated as in A0-
GW 

CT2 UF-
H2O2 

As for CT1 UF-UV As for CT1 UF-UV, 
but UV replaced 
with a novel on-site 
hydrogen peroxide    

As for CT1 UF-UV As for CT1 UF-
UV 

As for CT1 UF-
UV 

CT3 RO-
UV 

As for CT1 UF-UV As for CT1 UF-UV 
but with an 
additional reverse 
osmosis after UF 
pre-treatment 

As for CT1 UF-UV As for CT1 UF-
UV 

As for CT1 UF-
UV 
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DT-RWH Rainwater collection 
from roofs 

Establishment of 
273 private 
decentralised 
rainwater harvesting 
(RWH) systems 
whose components 
are: stainless steel 
filters, underground 
storage tanks (2 
m3/tank), pumps 

Piping system from the 
underground tanks to 
end-users 

As for CT1 UF-
UV 

Reject from the 
RWHs is 
connected to the 
sewer system and 
treated at a WWTP 
discharging to a 
freshwater 
recipient.   
Pollutants in runoff 
from non-roof 
areas are removed 
partly through 
vegetation in the 
trenches and 
sedimentation in 
the basins before 
discharge to the 
freshwater 
recipient. 
Non-potable 
household 
wastewater treated 
as in A0-GW. 

 142 

   143 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

9 

 

<Fig. 1> 144 

2.2. Eco-efficiency framework 145 

Eco-efficiency involves four steps: a goal and scope definition, an environmental assessment, an 146 

economic value assessment and the quantification of eco-efficiency and its interpretation (ISO, 147 

2012).  148 

2.2.1. Goal and scope definition 149 

Our main goal is to quantify the economic and the environmental sustainability of alternatives for 150 

rainwater and stormwater collection and use, to meet the non-potable demand in Nye, and to 151 

compare such a novel water system’s performance against a conventional groundwater-based 152 

drinking water supply. The functional unit (FU) was defined as the “Provision of 31,000 m3/year of 153 

non-potable water, to 2,000 inhabitants in Nye, and the prevention of flooding according to defined 154 

municipal safety standards.” 155 

2.2.2. System boundaries and water balance 156 

 157 

<Fig. 2> 158 

System boundaries comprised groundwater abstraction, rainwater and stormwater collection, water 159 

distribution, water treatment, water use and discharges of polluted stormwater into the environment 160 

(Fig. 2).   161 
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The total annual drinking water demand in Nye was estimated at 84,000 m3, while water used for 162 

toilets and laundry was assumed to be 40% of the drinking water demand, i.e. 31,000 m3/year 163 

(DANVA, 2013). This corresponded to a total requirement for 33,477 m3/year of groundwater 164 

abstraction in the business-as-usual alternative (Fig. 3), which includes 7.4% of water losses 165 

(Aarhus Kommune, 2016b). Runoff collected through the systems of basins and trenches was 166 

assumed to be 49,368 m3/year (Fig. 3), with 76% collected from roofs, 20% from roads and 4% 167 

from remaining impervious areas (Aarhus Vand, Personal communication).   168 

In the CT alternatives, stormwater was collected from all impervious areas, while only roof runoff 169 

was collected in the DT-RWH alternative. The three CT alternatives had an assumed reject stream 170 

from the SWTP of 13% for the UF treatment and 25% for the RO treatment (Fig. 3). In the CT 171 

alternatives, the wastewater stream carrying water rejected from the SWTP was assumed to be 172 

discharged into the freshwater recipient. In the RWH, the collected roof runoff was filtrated through 173 

a stainless steel filter with an assumed reject water of 2%. The reject water from the RWH filter was 174 

assumed to be discharged into the sewer system and treated in the WWTP. 175 

The five alternatives provide different water hardness levels, each of which affects electricity and 176 

laundry detergent consumption in the use stage (Godskesen et al., 2012). The hardness of the 177 

drinking water in Nye was estimated at 265 mg/l as CaCO3, which is considered very hard (WHO, 178 

2011). Although a water hardness of 45 mg/l as CaCO3 is normally considered a representative 179 

value for surface water (Rygaard et al., 2011a), the hardness of rainwater and stormwater was 180 

assumed to be at 145 mg/l, with the assumption that no further improvements can be made at a 181 

water hardness below 145 mg/l as CaCO3. Values for electricity and laundry detergent consumption 182 

at 145 mg/l were taken from Godskesen et al. (2012).  183 
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2.2.3. Assumptions 184 

The following key assumptions were made regarding system boundaries and the temporal scope: 185 

• System life was assumed at 25 years. 186 

• The production of drinking water for potable use did not differ between the alternatives and was 187 

excluded. 188 

• The sewer system and wastewater treatment were not included in the analysis, because the total 189 

water demand in the system was assumed to be unchanged between the alternatives.   190 

• Caused by dry weather periods, the runoff-based alternatives were assumed to receive 5% of 191 

non-potable water demand from the conventional drinking water supply. 192 

• There were no expected significant changes to the external conventional drinking water system 193 

infrastructure, and only changes to operations and maintenance were included in the assessment 194 

of A0-GW.  195 

 196 

<Fig. 3> 197 

 198 
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2.2.4. Data inventory 199 

The life cycle inventory collated marginal changes affected by the choice of one alternative over the 200 

other. An inventory of the water use stage included the relative increase in electricity and laundry 201 

detergent consumption caused by the harder water in A0-GW.  202 

For the LCA, input data in the foreground processes specific to the alternatives were collected from 203 

planning documents, databases, information provided mostly by the utility and a literature search. 204 

Concentrations of copper and zinc in stormwater, which have been identified as major contributors 205 

to ecotoxicity, were taken from Brudler et al. (unpublished-a).  The flow of pollutants through the 206 

system was tracked, taking into account pollutant removal at different stage via sedimentation or 207 

treatment (Table A.3 in the Supplementary Material).  208 

Background processes, including electricity production, chemical production and material 209 

production, were modelled using the Eco-invent database version 3.3 (Wernet et al., 2016) and 210 

EASETECH v. 2.0  (Clavreul et al., 2014; Damgaard et al., 2016). When it was not possible to find 211 

background processes specific to Denmark, other processes for Europe or the rest of the world were 212 

used.  213 

Investment, operational costs and income related to water management were calculated based on 214 

data from the water utility Aarhus Vand and supplemented with statistics from the literature.    215 

2.2.5. Environmental impact assessment 216 

The impacts were calculated according to the International Reference Life Cycle Data System 217 

(ILCD) (EC-JRC, 2010) for the following categories: reserve base resource depletion (RD-reserve), 218 

fossil resource depletion (RD-fossil), climate change (CC), ecotoxicity (E-TOX) and particulate 219 

matter (PM). Freshwater depletion (FD) was calculated as suggested for GW-based water supplies 220 

(Gejl et al., 2018). Calculations are provided in Appendix B in the Supplementary Material.  221 
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Impacts were normalised according to normalisation references (Table B.1 in the Supplementary 222 

Material) and expressed in person equivalent (PE).   223 

2.2.6. Economic assessment  224 

Each alternative was assessed in terms of total economic value added (TVA) due to water use and 225 

stormwater management at the community scale. The TVA formulation was modified from 226 

Angelis-Dimakis et al. (2016) and Stanchev and Ribarova (2016) to be able to include incentives 227 

and other additional added and lost values in each stakeholder: 228 

��� 	����	
�� = 	∑ �VA�� =�
��� 		∑ ����� − �����		�

���                                                                    (1) 229 

where TVA is the sum of each single economic value added (VAs) for each involved stakeholder 230 

(s) throughout the entire water chain (Table 2). VA is value added (PVAs) minus value loss (PVLs) 231 

for each process. In our definition, we excluded salary form the value loss, implying that salary is 232 

considered a value to society.  233 

PVA for the water operator corresponds to direct incomes generated from the delivery of the water 234 

service, while losses are investment and operational costs for water infrastructure and treatment, as 235 

well as state water taxes.  236 

The PVA for the water user corresponds to the economic value from water use (EVU), which is 237 

constant across alternatives since it was assumed that the value of non-potable water does not 238 

change according to the source (groundwater or rainwater). As suggested by Angelis-Dimakis et al. 239 

(2016), EVU was also assumed to be equal to the current water supply fee for the water service. 240 

This is in line with the evaluation from the water utility Aarhus Vand, which states that they do not 241 

expect a significant change in non-potable water price if treated rainwater is used instead of 242 

groundwater. 243 
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In the case of private RWH, the water user will benefit from economic incentives for private RWH 244 

paid by the municipality. PVL for the water user linked to water processes involves non-potable 245 

water supply fees, the costs of electricity and detergent consumption for laundry and investment and 246 

operational costs for implementing private RWH.  247 

The municipality is responsible for the investment costs for the stormwater collection system 248 

(PVL).  In the case of private RWH, the municipality needs to give incentives that constitute an 249 

outflow payment in the municipality budget (PVL). Indirect added values such as recreational or 250 

aesthetic benefits were not assessed.  251 

From Table 2, the PVLs include primarily outflow payments (e.g. investment and operational costs 252 

for water treatment, water fees and water taxes). Investment costs, for instance for new drinking 253 

water pipes, new treatment facilities and investment costs for membrane replacement and 254 

decoupling incentives, were annualised as:  255 

																											����
�� 
��	["#$/&'()] = � + �
��,��-

��,��-.�/                                                               (2) 256 

where P is the initial total investment (EUR), r is the annual discount rate (assumed to be 3.87%), 257 

and n is the lifetime in years (assumed to be 25 years). Equation 2 implies that all system 258 

components have no value at the end of their life.  259 

Table 2. Breakdown of the processes generating added or lost values for stakeholders.  260 

Stakeholders (s) Added values (PVAs) Loss of values (PVLs) 
Water Operator 
 

- Direct incomes generated by 
the non-potable water supply 
service. The water fee for the 
secondary water supply 
derived from the treated 
rainwater (alternatives CT1-
CT3, DT) was assumed to be 
the same as the conventional 
water supply fee, based on 
information given by the water 

- Operational costs of water abstraction, 
treatment, transport (energy, 
chemicals, materials replacement) 

- Investment costs of water 
infrastructure 
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utility  
Water User 
 
 

- Economic value from water 
use (EVU)  

- Incentives for private RWH  

- Non-potable water supply fees 
- Costs  of electricity consumption and 
laundry detergents during the water 
use stage 

- Investment and operational costs for 
the implementation of private RWH  
 

State  
 

- Income generated by state 
water taxes  

- 

Municipality 
 

-  - Investment costs for the construction 
of basins and trenches 

- Costs for incentives for private RWH 
 261 

 262 

2.2.7. Eco-efficiency  263 

The  TVA and the environmental impacts have different units, and they were therefore normalised 264 

in the range [0, 1]: 265 

01,�3� = 45.678	�9�
6:;�9�.678	�9�                        (3) 266 

Where i is the ith alternative, xi,norm is the ith normalised TVA or the inverse of LCA impact 267 

category, X = (x1,…,xn), i.e. the TVA or the inverse of LCA dataset. The choice of the inverse of the 268 

LCA impact in equation 3, was made to harmonise the meaning of the normalised scores such that 269 

“one” represents the best score for economy or environment and the worst score is indicated by 270 

“zero”. An alternative which has a normalised score of one in both TVA and LCA shows the best 271 

performance in terms of economic value added and reduced environmental impacts.  272 

An alternative was considered eco-innovative compared to baseline if it provided both increased 273 

TVA and a reduction of environmental impacts (Levidow et al., 2016), while considered 274 

deteriorative if it provided a decrease in TVA and an increase in environmental impacts. An 275 

alternative could not be determined eco-innovative if it fell into the trade-off zone, meaning that it 276 

improved the TVA but not the LCA performance or vice versa.  277 
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2.2.8. Scenario analysis  278 

Our study was characterised by intrinsic uncertainties that might affect the final findings. The 279 

sensitivity of both economic performance and environmental impacts was tested by varying the 280 

need for dry weather top-up water, and the impacts from water quality in the use stage (Table 3). 281 

Further details of the scenario analysis are provided in Appendix C in the Supplementary Material.  282 

Table 3. Parameters selected for the scenario analysis. 283 

Parameter (p) Alternative Baseline Changed 
 1. The amount of drinking 

water used during dry-
weather periods to fulfil 
non-potable water demand  

CT1-CT3, 
DT 

5% of the yearly non-
potable water demand  
(1,550 m3/year) 

20% of the yearly non-potable water 
demand (6,200 m3/year) 

2. The effect of different 
water hardness on electricity 
and laundry detergents’ 
consumption at the end-user 
level  

CT1-CT3, 
DT 

Values at 145 mg/l CaCO3 
from Godskesen et al. 
(2012)  

Estimated values at 45 mg/l CaCO3 
through linear interpolation based on 
values from Godskesen et al. (2012) 
(Fig. D.1-2 in the Supplementary 
Material). 

3. Excluded effect of water 
hardness on electricity and 
laundry detergent 
consumption at the end-user 
level 

A0, CT1-
CT3, DT 

Values at 145 mg/l CaCO3 
from Godskesen et al. 
(2012) 

Excluded effect of water hardness  

  284 
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3. Results and discussion 285 

3.1. Inventory analysis 286 

The inventory revealed a marked variance in energy, chemical and material use across the five 287 

alternatives (Table 4). Inventory data for the five alternatives showed 2.4 times higher electricity 288 

consumption during treatment in the RO unit (CT3 RO-UV), and 1.5 times higher electricity for 289 

pumping in the private RWH (DT-RWH) compared to A0. Notably, A0-GW saw significant extra 290 

electricity demand during the use stage, due to the additional electricity consumption for laundry 291 

induced by the hardness of the drinking water. The UF-based plants (CT1 and CT2) required 600-292 

700 kg more chemicals per year for cleaning compared to sand filter and RO-based treatment. The 293 

decentralised RWH (DT-RWH) required up to 14 times as much plastic as any of the other 294 

alternatives, due to the 273 PVC underground storage tanks. Conversely, the centralised treatment 295 

plant (CT1-CT3) had a nine to 30 times higher stainless steel demand than DT-RWH and A0-GW, 296 

respectively, due to storage tanks, piping and cleaning tank equipment.   297 

Table 4. Selected inventory of selected materials, resources, electricity, chemicals and transportation for all 298 

five alternatives. Values are expressed per FU, i.e. 31,000 m3 of produced non-potable water per year. The 299 

complete inventory can be found in Table E.1-E.3 in the Supplementary Material.  300 

 A0-GW CT1 UF-
UV 

CT2 UF-
H2O2 

CT3 RO-
UV 

DT-
RWH 

Electricity consumption (treatment, 
transportation and pumping) [kWh] 

17,676 9,435 9,931 41,759 25,684 

Electricity consumption during water 
use [kWh] 

 
7,280 

- - - - 

Laundry detergents consumption during 
water use [kg] 

1,700 - - - - 

Chemicals for cleaning UF membranes 
[kg] 

0 659 659 66 0 

Chemicals for cleaning RO membranes 
[kg] 

0 0 0 15 0 

Plastics [kg] 252 299 341 306 3,424 

Stainless steel [kg] 45 1,313 1,307 1,405 149 

Bentonite for basins [t] 17.2 17.2 17.2 17.2 17.2 

Gravel for trenches [t] 16.9 16.9 16.9 16.9 16.9 

Transportation of materials[t.km] 13,534 16,139 16,145 16,165 13,787 

Groundwater withdrawal [m3] 33,477 1,674 1,674 1,674 1,674 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

18 

 

3.2. Environmental Impacts 301 

  302 

<Fig. 4> 303 

Freshwater depletion impacts ranged from 632 to 12,638 PE across the alternatives. Impacts of 304 

freshwater depletion was up to four orders of magnitude higher than the other impact categories, 305 

partly explained by water being the main substance flow in the assessment.  306 

The ecotoxicity impacts were the second highest between 110 and 440 PE (Fig. 4) and were caused 307 

primarily by discharges of polluted stormwater to the recipient (Fig. 5). The remaining categories 308 

showed impacts ranging from 2 to 14 PE.  309 

The alternatives with rainwater and stormwater use caused lower impacts than the conventional 310 

drinking water system in almost all categories (Fig. 4) except for CT3 RO-UV, which had 15 to 311 

54% higher impacts in four categories, i.e. climate change, particulate matter, fossil and reserve 312 

base resource depletion.  The decentralised RWH (DT-RWH) performed similar to the conventional 313 

water supply in fossil resource depletion  (+2% relative change), while it was worse in climate 314 

change and ecotoxicity (+ 6% relative change).  315 
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The two ultrafiltration plants, coupled either with UV (CT1 UF-UV) or with H2O2 disinfection 316 

(CT2 UF-H2O2), performed similarly (Fig. 4) (up to 4% difference) with reduced impacts compared 317 

to A0-GW in all categories, except for the reserve base resource depletion. CT1 and CT2 seem to be 318 

the most efficient alternatives regarding the electricity-related impact categories, namely climate 319 

change and fossil resource depletion. The RO treatment and private RWH systems showed up to 320 

three times higher impacts than the two ultrafiltration plants for these categories because of their 321 

higher electricity demands.  322 

3.2.1. Ecotoxicity 323 

Consistently in all of the alternatives, ecotoxicity impacts were caused by the local discharge of 324 

polluted runoff to the freshwater recipient (more than 94% of the total). These local effects have 325 

previously been found several orders of magnitude higher than those caused by other processes in 326 

the life cycle of urban water systems (Brudler et al., unpublished-b). The alternatives, CT1-CT3, 327 

had 297 to 305 PE fewer ecotoxicity impacts than A0-GW, which does not treat stormwater, and the 328 

only pollutant removal occurs in the basins and trenches. The private RWH had 26 PE higher 329 

ecotoxicity than A0-GW, because roof runoff is discharged to the WWTP (directly as reject or after 330 

household use), which has relatively low removal efficiency for zinc, which is one of the main 331 

contributors to impacts in terms of stormwater discharge (Brudler et al., unpublished-b). 332 

3.2.2. Electricity consumption 333 

High climate change and fossil resource depletion impacts in A0-GW were caused primarily by the 334 

electricity consumption required to abstract, treat and distribute drinking water (0.5 kWh/m3). 335 

Additionally, the water hardness at the household level led to a 22% increase in climate change due 336 

to the higher electricity consumption and laundry detergent use compared to the four alternatives.  337 

This could also be offset by central softening of drinking water, which was not considered in our 338 

study (Godskesen et al., 2012).  339 
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Electricity consumption for treatment in the CT alternatives (CT1-CT3) caused significant climate 340 

change and fossil resource depletion (Fig. 5). Total electricity consumption in the ultrafiltration 341 

plants (CT1-CT2) contributed between 48 and 51% of the climate change total and almost 26% of 342 

the fossil resource depletion, with electricity requirements for water distribution (0.2 kWh/m3) 343 

being the major contributor in this regard (33-37% in climate change and 19% in fossil resource 344 

depletion). These findings are in accordance with other studies assessing the life cycle impacts of 345 

water treatment processes, which highlight the importance of electricity consumption for pumping 346 

and water distribution (Tarantini and Ferri, 2001; Amores et al., 2013; Barjoveanu et al., 2014). 347 

Additionally, in our system, the transportation of materials for basins and trenches contributed 42% 348 

to the fossil resource depletion impacts of the two ultrafiltration plants. For the RO alternative (CT3 349 

RO-UV), electricity consumption dominated climate change, fossil resource depletion and 350 

particulate matter impacts at 80%, 63%, and 40%, respectively, with electricity for the RO 351 

treatment (0.75 Kwh/m3) being the major contributor (Fig. 5).  352 

Electricity for pumping water from the underground tanks into the decentralised RWH systems 353 

contributed 72% of the climate change, 46% of fossil resource depletion and 37% of particulate 354 

matter impacts. Also here, electricity for pumping was a key component in the RWH. A review of 355 

the energy intensity of RWH systems carried out by Vieira et al. (2014) revealed that there is a huge 356 

difference in the values used for energy intensity in theoretical studies (median energy intensity of 357 

0.2 kWh/m3) compared to empirical studies (median energy intensity of 1.4 kWh/m3). This 358 

emphasises the need for a better understanding of energy use in local RWH and an improvement in 359 

energy efficiency for small-scale water supply pumping. In our study, the electricity demand for 360 

RWH was assumed at 0.8 kWh/m3 and as such it exceeded the 0.5 kWh/m3 needed for the 361 

conventional water supply system; however, including end use electricity consumption related to 362 
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the water hardness of conventional drinking water, made most of the alternatives with rainwater use 363 

favourable.  364 

3.2.3. Infrastructure 365 

Infrastructure components’ impacts (water treatment, basins and trenches) were seen predominantly 366 

in reserve base resource depletion, with the basins and trenches’ materials accounting for more than 367 

40% of the total impacts, and the stainless steel storage tanks contributing on average between 24 368 

and 29% in all three CT alternatives. 369 

 370 

<Fig. 5> 371 

 372 

 373 

 374 

 375 
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3.3. Economic assessment  376 

Table 5. Breakdown of the economic inventory for processes generating lost and added values, expressed in 377 

annual equivalent monetary unit (1,000 EUR/year). Operational costs for the water operator are the sum of 378 

water state taxes and operational costs for treatment. The input data for the inventory can be found in Table 379 

E.5 in the Supplementary Material.  380 

 A0-GW CT1 UF-
UV 

CT2 UF-
H2O2 

CT3 RO-
UV 

DT-RWH 

Water Operator            

Investment costs  -0.4 -8.9 -8.3 -8.3 -0.4 
Operational costs  -36.7 -37.3 -38.9 -46.6 -1.8 
     - Water state taxes -31.5 -33.0 -33.0 -33.0 -1.6 
     - Operational costs for treatment -5.2 -4.2 -5.8 -13.5 -0.3 
Income from water service  74.1 74.1 74.1 74.1 3.7 

Water user       

Investment costs  0 0 0 0 -60.4 
Operational costs  -84.0 -74.1 -74.1 -74.1 -11.0 
Economic value from the water use 74.1 74.1 74.1 74.1 74.1 
Incentives for RWH 0 0 0 0 73.2 

State/Municipality      

Investment costs for basins and 
trenches, plus incentives 

-13.3 -13.3 -13.3 -13.3 -86.5 

Income from water taxes  31.5 33.0 33.0 33.0 1.6 

TVA  45.4 47.7 46.8 39.0 -7.5 

The TVAs of the plants operated by the water utility (i.e. A0, CT1-CT3) were found to be within a 381 

narrow range of 39 to 48 tEUR, or 1.3 to 1.5 EUR per m3 non-potable water (Table 5). The 382 

alternatives CT1 and CT2 showed a slightly higher TVA than the conventional drinking water 383 

supply system (between +3% and +5%, i.e. 1.4-2.4 tEUR), while CT3 and DT-RWH worsened 384 

economic performance by -14% (-6.4 tEUR) and -116% (-53 tEUR), respectively (Fig. 6).  385 

The investment costs of the water operator in A0-GW were lower than CT1-CT3, because the water 386 

operator has the current capacity to increase production without expanding its system in A0-GW 387 

(Table 5). Conversely, the operational costs of the centralised plants were found to be similar to A0-388 

GW (+2%, +6%) except for the RO alternative (+27%), due to high electricity demand.  389 
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The RWH increased the investment need of the individual households, but their operational costs 390 

were between 85 and 87% lower than for the other alternatives. The water users incur in lower 391 

operational costs in DT-RWH since they pay fees only for non-potable water during dry periods. 392 

The extra demand for electricity and laundry detergent consumption, due to the difference in water 393 

hardness, induced 13% higher operational costs for the end-user in A0, compared to the other 394 

alternatives.  395 

The TVA of DT-RWH was the lowest, due to the municipal expenses for RWH incentives, which 396 

represent additional income for water users. Each household would receive incentives for private 397 

RWH of approximately 2.3 tEUR/household, which would partly offset household investment costs 398 

for the 273 RWH systems (app. 3 tEUR/unit). The reduced income for the water utility and the 399 

municipality expenses for RWH would render the DT-RWH non-beneficial from a community-400 

scale economic point of view. However, if a future legislative framework made periodic checks by 401 

the water utility mandatory, this would end up as income for the water utility.  402 

In line with the eco-efficiency assessment provided by Angelis-Dimakis et al. (2016) for two urban 403 

water systems in Bulgaria and Switzerland, our study showed that implementing improvements in 404 

conventional urban water management is always economically beneficial for the water user (Fig. 6) 405 

due to: reduced expenses for electricity and laundry detergent consumption (CT1-CT3, DT-RWH), 406 

reduced non-potable water supply fees and provision of municipal incentives for RWH (DT-RWH).  407 

 408 
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 409 

<Fig. 6> 410 

3.4. Eco-efficiency  411 

Table 6. Normalised TVA and LCA impact categories in the range [0,1]. Alternatives performing better than 412 

the baseline marked in bold. TVA: total value added, CC: climate change, PM: particulate matter, E-TOX: 413 

ecotoxicity, RD-fossil: fossil resource depletion, RD-reserve: reserve base resource depletion, FD: 414 

Freshwater depletion. 415 

  416 

  Economy Environment 

Alternative TVA CC PM E-TOX RD-fossil RD-reserve FD 

A0-GW 0.96 0.29 0.29 0.02 0.25 0.36 0.00 

CT1 UF-UV 1.00 1.00 0.68 1.00 1.00 0.05 1.00 
CT2 UF-H2O2 0.98 0.84 0.64 1.00 0.96 0.00 1.00 
CT3 RO-UV 0.84 0.00 0.00 0.91 0.00 0.19 1.00 
DT-RWH 0.00 0.24 1.00 0.00 0.22 1.00 1.00 

 417 

The two centralised UF plants (CT1-CT2) showed overall improved eco-efficiency across most of 418 

the categories including TVA compared to A0-GW (Table 6). As such, they might be defined as the 419 

most eco-innovative alternatives compared to baseline (Table 6, Fig. F.1 in the Supporting 420 

Material). The only exception was seen for the reserve base resource category, where the UF plants 421 

produced higher impacts compared to A0-GW. The analysis therefore highlights the importance of 422 
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the material choice for the water treatment infrastructure in CT1-CT2, which affects the impacts in 423 

the reserve base resource category and the final eco-efficiency definition for this category. 424 

The analysis further established that a heavy rain- and stormwater treatment through a reverse 425 

osmosis unit did not provide additional value added and improved environmental performance. The 426 

only environmental benefits for CT3 RO-UV could be seen in the ecotoxicity and freshwater 427 

depletion, where these benefits could balance the decrease in TVA (trade-off position). The limiting 428 

parameter affecting the eco-efficiency performance of this alternative was certainly the electricity 429 

consumption.  430 

Finally, the decentralised rainwater harvesting system (DT-RWH) performed better than A0-GW in 431 

three out of six LCA impact categories, but was the worst alternative in terms of TVA. The negative 432 

TVA was caused by a loss in income for the “municipality” although this alternative provided the 433 

highest value added for the water user.  434 

The eco-efficiency definition showed how rain- and stormwater treated in centralised UF plants 435 

could improve the overall eco-efficiency of the urban water system in Nye from a societal economic 436 

perspective and an environmental perspective compared to conventional drinking water supply.  437 

3.5. Scenario analysis    438 

In case drinking water consumption during dry weather periods increases by 20%, a decrease in 439 

TVA (up to -10%) and a marked increase in freshwater depletion impacts (+300%) would be 440 

expected in the alternatives with rainwater use (Table E.6 in the Supplementary Material). 441 

Nonetheless, the two UF plants would be preferred in four out of six LCA impact categories and 442 

according to TVA.  443 

If additional savings occurred, due to a further decrease in water hardness, the economic 444 

performance of the conventional drinking water system (A0-GW) would decrease (up to -20%) and 445 
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the LCA impacts increase by up to +35%. This would cause a larger positive difference between the 446 

eco-efficiency of the rainwater use alternatives and A0-GW, which would also make the RO plant 447 

more eco-innovative than A0-GW, thus showing higher TVA and reduced impacts than the baseline 448 

in five out six LCA impact categories.  449 

If the effects of water hardness were excluded from the system boundaries, the TVA of 450 

conventional drinking water would increase by up to +22%, while LCA impacts would decrease by 451 

up to -39%. CT1-CT2  would then not be considered more eco-innovative than A0-GW, since they 452 

would provide lower TVA than the baseline alternative. The alternatives CT1-CT2 could still 453 

provide environmental benefits in four out of six LCA impact categories and might be therefore 454 

placed in a trade-off position according to those categories (Table E6 in the Supplementary 455 

Material).  . The interpretation of the eco-efficiency therefore varied and a dominant pattern in the 456 

results was not present. 457 

Therefore, our study suggests a deeper investigation of: 458 

- The number of dry weather periods in Nye, in order to quantify drinking water interventions. 459 

- Economic and environmental assessments of the effect of a water hardness lower than 145 460 

mg/l CaCO3 at the end-user level.  461 

Finally, in line with Godskesen et al. (2012), our study suggested that it is important to include the 462 

end use effect of water quality, in order to avoid misleading conclusions.  463 
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4. Conclusions  464 

We adapted the eco-efficiency assessment to analyse four alternatives for harvesting rain- and 465 

stormwater for non-potable use, in order to substitute a conventional groundwater-based drinking 466 

water supply:  two centralised UF plants followed either by UV (CT1 UF-UV) or H2O2 disinfection 467 

(CT2 UF-H2O2), a centralised RO plant with UV (CT3 RO-UV) and a decentralised treatment 468 

solution involving the installation of 273 RWH systems (DT-RWH). All of the alternatives 469 

involved stormwater collection through a system of basins and trenches.  470 

Through the environmental assessment, we concluded: 471 

• The business-as-usual (A0-GW) showed higher impacts than the alternatives with rain- and 472 

stormwater use in most of the impact categories, with freshwater depletion impacts being 473 

significantly higher (+300%). The water hardness of the conventional drinking water system led 474 

to an increased demand in electricity and laundry detergents at the household level, which as a 475 

consequence affects electricity-related impact categories (climate change, fossil resource 476 

depletion) and reserve base resource depletion. 477 

• In all of the alternatives, the discharge of runoff pollutants into the receiving water body 478 

dominated ecotoxicity impacts. 479 

• Electricity use in the operation phase contributed markedly to climate change and fossil 480 

resource depletion impacts in all alternative scenarios. Alternatives treating rainwater through 481 

ultrafiltration (CT1-CT2) were the most electricity-efficient choices.  482 

• Material demands for water treatment infrastructure, basins and trenches components played an 483 

important role in decreasing the potential environmental impacts of reserve base resource 484 

depletion.  485 

Through the economic assessment, we concluded: 486 
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• The study provided the first total value added (TVA) assessment of five alternatives for non-487 

potable water and stormwater management in a new urban development. 488 

• The two ultrafiltration plants (CT1-CT2) were preferable from a societal economic perspective 489 

as a result of added value for the water user that offset the loss of value for the water operator. 490 

• The private rainwater harvesting alternative had the highest value generation for the water user, 491 

due to reduced water fees and incentives for private rainwater harvesting, but it also provided 492 

the lowest TVA throughout the water chain.  493 

In summary, the two ultrafiltration plants were found to have lower environmental impacts and 494 

generate value added compared to a conventional groundwater-based water supply, with the only 495 

exception being for reserve base resource depletion.  496 

The combined environmental and economic assessment constituted important decision-making 497 

support for the planning of stormwater management in Nye. Our findings support the 498 

implementation of alternative non-potable water supply in the new urban development and provide 499 

a definition of the eco-efficiency for the five systems. 500 
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Figure captions 671 

 672 

Fig. 1. Sub-division of the planning area for the Nye first phase. Basins A, B, C and D collect stormwater 673 

from four sub-catchments. Water from basins A, B and C eventually runs into basin D (Source: adapted from 674 

Aarhus Kommune (2016a)).  675 

Fig. 2. System boundaries definition for the urban water system with an indication of economic actors along 676 

the water chain. The dotted grey squares indicate processes excluded from the assessment. SW: secondary 677 

water, DW: drinking water.   678 

Fig. 3. Water flows in the business-as-usual alternative (A0-GW), the three alternatives with centralised 679 

stormwater treatment (CT1-CT3) and the private rainwater harvesting (DT-RWH).  680 

Fig. 4. Percentage relative change from A0-GW, whose total normalised results are presented in the table on 681 

the right. Positive relative change means higher impacts than A0-GW, and negative relative change means 682 

lower impacts than A0-GW. FU was the yearly provision of 31,000 m3 of non-potable water. The absolute 683 

values of the impact categories in each of the alternatives is provided in Table E.4 in the Supplementary 684 

Material.  685 

Fig. 5. Percentage contribution of the main system components to total impacts in the alternatives with 686 

rainwater and stormwater use. CC: climate change, PM: particulate matter, E-TOX: ecotoxicity, RD-fossil: 687 

fossil resource depletion, RD-reserve: reserve base resource depletion. Freshwater depletion impacts are not 688 

reported, since only groundwater abstraction affects the impacts.   689 

Fig. 6. Absolute change in the total value added and the value added (VA) for each stakeholder compared to 690 

A0-GW. Absolute values for A0-GW are placed in the table on the right.  Positive absolute change means 691 

higher TVA than A0-GW, and negative absolute change means lower TVA than A0-GW. 692 

 693 
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Highlights 

• Eco-efficiency evaluation of rainwater use for non-potable applications 

• Comparison of 4 rainwater harvesting options versus conventional water system 

• Economic and environmental impact assessment for the entire water chain 

• Two ultrafiltration based plants performed better than conventional water system 

• Eco-efficiency can support early planning phase of rainwater harvesting systems 

 


