Life Cycle Assessment of a greywater recycling system: the case of

Hydraloop Systems

Summary

Domestic greywater recycling systems in households collect mildly contaminated greywater from showers
and laundry machines and give it a treatment that allows for reusing it safely for non-potable purposes. A
life cycle assessment of the greywater recycling system “Hydraloop” was done to determine the
environmental impacts caused by the implementation and operation of such a system. The environmental
impacts of recycling water are compared to those of the conventional linear water cycle to make design
and implementation decisions. This study was done to provide information on the environmental impact

of the product Hydraloop H300 to clients, partners, and the general public.

Introduction

Water scarcity is currently an alarming issue in several areas of the world. Urban and suburban areas have
an increasing demand for water as a consequence of population growth and industrial activity with
climate change making the issue more serious [1-3]. Moreover, freshwater consumption and its
potabilization have a significant environmental impact [4]. Minimizing the need for freshwater and the
energy use associated with its production and consumption is fundamental for water security and
environmental protection. Reusing water is a paradigm shift that could make it possible to supply water
avoiding unnecessary transport to the location where it is needed [5]. Solutions for a more efficient use
of water have become increasingly important in recent years, water reuse forinstance is one of the easiest
solutions to implement [6]. Decentralized water reuse systems are a promising approach for a more
efficient use of water, these systems allow treating the used water where it is created, saving on costly

transport, distribution, and associated losses [6].

Water has already been reused for decades in water-scarce regions, recently it is also starting to be a
practice outside dry areas where legislation and public perception are a challenge [7]. In the conventional
configuration of a household, wastewater is a mix of several streams, greywater; feces; and urine [8].
Greywater from showering and laundry, excluding kitchen water, is a mix of relatively good quality water
that after treatment can safely be reused for non-potable purposes [9]. In this study, we consider
greywater as solely the water fraction originating from showers, handwashing, and the rinsing cycle of

laundry machines. The pollutants treated in these streams are mostly solids, organic substances,



detergents, and micro(plastic) fibers. Greywater enters the greywater recycling system at the top of T1
(Figure 1), the solids are removed by sedimentation and flotation, while detergents and micro(plastic)
fibers are removed to a large extent by foam fractionation powered by aeration [10-12]. A remaining
fraction of detergent and organic substances are removed by an aerobic biological process [13] occurring
in T2 (Figure 1). The excess sludge of the biological process and the sedimented and floated-out solids are
diverted to the sewer frequently, via either the foam diverter at the top of T1 or the solid accumulation
funnel at the bottom of T1 (Figure 1). UV-C disinfection is used as the final treatment to achieve the
microbiological safety needed for recycling water and make it useful for non-potable purposes again.
Hydraloop Systems BV produces commercially available compact greywater recycling systems that rely on
6 processes foam fractionation, air flotation, flotation, sedimentation, moving biofilm bed reactor, and

UV-C disinfection; the unit is fully automated and requires minimum maintenance [14].
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Figure 1. Greywater Recycling System Description



It is common to use potable water to supply all the water needs in households. However, not all uses of
water require the same water quality [9]. Potable water requires a more strict treatment and control of
quality [9], while non-potable water can still be safely used after simpler and less intensive technologies
for purposes other than human consumption. For example, toilet flushing, cleaning of flooring, irrigation
of gardens and ornamental plants crops, as well as topping up swimming pools with traditional

disinfection and treatment systems [9,14].

The environmental impact of the use as well as the reuse of freshwater is strongly linked to the type of
electricity used for the treatment processes required and its environmental impact, which varies widely
with location and technology [6,15-17]. The environmental impact of producing drinking water is often
overlooked, it stems from the infrastructure, energy requirements, use of chemicals, treatment of waste
generated, transport, and baseline water stress at the location. The reuse of greywater also results in a
decrease in the volume of wastewater generated in a household, while the pollution load of the
wastewater is likely to have only a minor decrease that can often be neglected [18]. This volume decrease
can result in lower environmental impacts in operations related to pumping or strongly affected by

volume.

The goal of this study is to determine the environmental impact of decentralized domestic greywater
reuse by means of Hydraloop and to establish a framework for decision-making on whether implementing
a greywater recycling system would have a lesser environmental impact compared to the conventional

linear water system in a household.

Method

Life cycle assessment (LCA) is a commonly used method to determine the environmental impact of
products, systems, services, and processes such as potable water production. This type of study must be
done on a defined regional scale [19] and in line with the 1SO 14040/44 standards [20]. Eco-costs is a
prevention-based metric that can be used within the LCA methodology. The methodology of the Eco-costs
allows the calculation of the external costs of preventing the environmental impact of a product or service
and provides a global metric that includes the costs of preventing the environmental impact of climate
change, resource scarcity, eco-toxicity, and human health [20,21]. The values of the indicators were
obtained from the LCl database Idemat 2023 and modified based on recent literature depending on the
location. The LCA of greywater recycling was done following the four methodological steps (1) goal and
scope definition, (2) life cycle inventory analysis, (3) life cycle impact assessment, and (4) life cycle

interpretation [22].



Goals and scope definition

The environmental impact of greywater recycling in a household was assessed by comparing three
different scenarios in which scenario 1 refers to the conventional linear tap water system and scenarios 2
and 3 refer to greywater reuse with two different energy sources; local grid mix and solar power
respectively (Figure 2). The greywater treatment unit has the function of collecting and treating the
collected greywater improving its quality to a level of compliance with the standard NSF/ANSI 350 [23].
The scenarios are assessed under regional conditions in the following geographical regions: Central
Europe, MENA region, and North America. The functional unit chosen for this study is 1 m3 of water,
allowing a comparison of the eco-costs of 1 m3 of the conventional linear water cycle with the recycling
of 1 m3 of greywater. The system boundaries start at the capture of raw water for tap water production

and end at the treated water discharge of the wastewater treatment plant (Figure 2).
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Figure 2. System Definition, boundaries, and comparative scenarios with and without Hydraloop System (HS). Drinking Water

Treatment Plant (DWTP), Wastewater Treatment Plant (WWTP)



The scope of the analyses of Scenario 1 includes all operations performed on water from the abstraction
from the source to the discharge back to the environment after treatment in a wastewater treatment
plant. Scenarios 2 and 3 also include the energy consumption of the greywater recycling system, the
environmental cost of the materials, the most significant processes used for the production, the end of
life of the water recycling system, and the wastewater generated. The environmental cost of the
transportation of the Hydraloop system; components replacement and maintenance; energy used during
production assembly; and the network from and to Hydraloop are excluded in this analysis and are not
expected to represent more than a 5% increase in the metric value calculation. The materials used in the
water networks from and to Hydraloop, which are the household’s greywater collection, and recycled
water distribution networks respectively; can be excluded from the comparative analysis of the three
scenarios since these networks are expected to have a similar material demand in the three scenarios
(Figure 2). This exclusion is also called streamlining, a way to simplify life cycle assessment systems by not

including elements in the comparison when these are considered the same in the scenarios to be

compared [24].

Life Cycle Inventory Analysis

Baseline

The baseline for the determination of the environmental impact of recycling greywater was calculated by
adding the environmental impact of the different operations that make up part of the conventional
domestic water chain (Equation 1, Annex). The elements included to calculate the eco-costs of the

conventional linear water cycle include:

- The ecocosts of drinking water production (Equation 2, Annex): including the operations of
harvest (abstraction) of water from the source, pretreatment, transport from source to drinking
water treatment plant (DWTP), treatment at DWTP, transport and distribution to users, losses in
transport and distribution (Figure 3)

- The ecocosts of wastewater treatment and discharge (Equation 3, Annex): including the
operations of collection, transport to a wastewater treatment plant, treatment at wastewater

treatment plant, and transport to discharge (Figure 3).
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Figure 3. Baseline Description

The eco-costs of the conventional linear water cycle are determined using the basis values provided
for tap water in the database ldemat2023 created by Sustainability Impact Metrics, a spin-off of the
Delft University of Technology [25]. These values are modified based on the carbon intensity and the
baseline water stress at each of the locations based on data from the literature (Table 1). The Idemat
database was generated in compliance with the I1SO 14040, 14044, EN15804, and the LCA handbook
of the ILCD [26].



Table 1. Data Sources Used for Ecocosts Calculations for Regions of Interest

Location Component Reference
Transport (Source to DWTP) [6]
Treatment at DWTP [27]
New York Distribution (DWTP to User) [6]
Loses (Leakage) [28]
WWTP [29]
Transport (Source to DWTP) [30]
Treatment at DWTP [6]
California Distribution (DWTP to User) [30]
Loses (Leakage) [6]
WWTP [29]
Transport (Source to DWTP)
Treatment at DWTP [31]
Belgium Distribution (DWTP to User)
Loses (Leakage) [6]
WWTP [29]
Pretreatment (Softening) [32]
Transport (Source to DWTP) [6]
Netherlands Treatment at DWTP [32]
Distribution (DWTP to User) [33]
Loses (Leakage) [34]
WWTP [33]
Transport (Source to DWTP) [6]
Treatment at DWTP [35]
Morocco Distribution (DWTP to User) [6]
Loses (Leakage) [36]
WWTP [35]
Transport (Source to DWTP) [6]
Treatment at DWTP [37]
KSA Distribution (DWTP to User) [6]
Loses (Leakage) [38]
WWTP [37]

Recycling greywater decreases the volume of wastewater generated in households. This decrease in
wastewater volume can be translated into energy savings in the wastewater treatment plant in operations
connected to the pumping of water. In the case of a 50% decrease in wastewater volume, a 30% decrease
in electricity can be expected, a larger volume decrease must be analyzed carefully by modeling to
determine the impact on the energy consumption of a plant [18]. Hydraloop Systems divert most of the
COD and solids load toward the sewage after these are removed from the greywater but with up to a 45%
decrease in volume. For the estimation of the impact of this volume reduction, we used the eco-costs of

wastewater at the different locations and decreased it by 30% to account for the effects of decreased

volumes (Equations 3 and 4).



The water imported from the tap water network into the household is assumed as water withdrawal and
its eco-costswere calculated based on the Idemat2023 database and adjusted using values representative
for each location studied as found in other studies (Table 1). The eco-costs of withdrawing water from the
source and entering the system, are not canceled by water exiting the system after being discharged back
to the environment. This is because the effluent of a conventional wastewater treatment plant has

significantly worse quality than the withdrawn water and it is generally discharged at a different location

downstream (Figure 2) [6].

The eco-costs values of the withdrawn water are also adjusted according to the baseline water stress at
each location extracted from the Aqueduct Water Risk Atlas [39] (Table 2). The eco-costs of 1 m3 of water
through the conventional linear water cycle could be later compared to those of reusing 1 m? of treated

greywater using the greywater recycling system.

Table 2. Baseline Water Stress at Locations of Interest.

Location/Region Baseline Water Stress
New York, NY, USA 0.097
California, USA 1.251
Belgium 0.639
Netherlands 0.080
Morocco 1.333
Saudi Arabia 0.698

Construction Assessment of Greywater Recycling System

The lifetime environmental impact of the materials and main processes used in the construction of the
Hydraloop System given in eco-costs-euros was determined by inventorying 95% of the mass of single
materials used in the construction of the system (Table 3). The values of eco-costs for the different
materials were obtained in the database Idemat2023. The inventory also included HDPE rotational
molding (using the eco-costs of thermoforming), rolling steel, and the waste disposal of the unit by
landfilling based on the Idemat2023 database. The system's lifetime is defined as 20 years. The eco-costs

of the construction and end of life of the Hydraloop System are included in the production phase eco-

costs (Equation 5, Annex)



Table 3. Life Cycle Material Inventory of a Greywater recycling system.

Material/Process Weight (Kg)

HDPE 56.1

PC 0.37

Stainless Steel 304 7.43

Aluminium Alloy 2.16

PCB 0.27

PVC 0.71

PP 0.37

Galvanized Steel 1.10

EPMD 0.49

POM 0.65

Brass 3.09

PU 0.47

PA 0.01

Steel 55Si7 0.49

Copper 0.19

Cast Iron 0.37

Magnet 0.09

Batteries Ass. AA 0.04

Rolling Steel Based on Stainless Steel Sheets (7.1 kg)
Rolling Aluminium Based on Aluminium Sheets (2.2 kg)
HDPE Rotation Moulding Based on Rotation Moulding Parts (44.5 kg)
Waste Disposal End of Life Based on Total Weight (78.2 kg)

Total Accounted Materials 74.39

Total Weight (Kg) 78.2

Percentage Included 95%

Operation Assessment of the Greywater Recycling System

The Hydraloop System is estimated to consume 180 kWh/y based on the average operation of Hydraloop
systems installed in pilot locations. This electricity can be sourced from the local electricity network or
from household solar panel generation, therefore the three different scenarios mentioned previously. The
eco-cost values forthe local energy mix for each country were sourced in the Idemat2023 database [25].
Similarly, solar energy was assumed as generated by PV panels with the specifications given by [40]. The
panel's output of 1100 kWh/m? [40] was adjusted proportionally to the difference in sun irradiance at the

different locations obtained from [41], and assuming a linear correlation between irradiance and solar



panel output. The eco-costs of the use phase of the Hydraloop system are then calculated using Equation

6 (Annex).

The system is fully automated and relies on a stable internet connection for the finetuning of the
operation, software updates, and self-diagnosis of the status of critical components. The environmental
impact of the telecommunications and data processing required by the unit are not considered in this

study and are considered marginal.

Water recycling estimations

The water recycling system considered for this study (Hydraloop H300, Hydraloop Systems BV, the
Netherlands) has a greywater treatment capacity of 530 L-d*. In the current European practice, the use
case of this system is estimated to recycle an average of 159 L-d* (58.000 L-y1). This value was calculated
assuming one shower per person per day with a duration of 7.4 min [42], a shower water flow or 10 L/min
[43], and a household size of 3 people [44]. In this context, of the 119 L-pt-d? [45] consumed in the
Netherlands, 45% of the water could be recycled by the Hydraloop, this accounts for the recycling of two-
thirds (67%) of the shower water generated in a household. In the Middle East and East Africa (MENA)
region, the expected use case of an H300 is 202% of the European use case based on a reported water
consumption of 241 L-pt-d* [46], hence 321 L-d1(117.115 L-y1). In the US, the expected use case of an
H300 is 125% ofthe European use case based on a reported water consumption of 302 L-pt-d*[47], hence

402 L-d! (146.799 L-yY).

Life Cycle Impact Assessment

The environmental consequences of the implementation of a greywater recycling system in a household
are assessed by comparing the eco-costs of production of 1 m? of tap water used in scenario 1 with the
process of recycling 1 m3 of greywater in scenarios 2 and 3 (Figure 2). The scenarios are analyzed in the
context of six locations within three geographical regions: the Netherlands and Belgium in Central Europe,
Morocco and KSA in the MENA region, and the states of New York and California in the US, and North

America.

The data for the calculation of the eco-costs of the conventional water cycle is sourced from relevant
literature, either peer-reviewed papers or reports from official authorities or drinking water companies
(Table 1). The standard values for water use as in the conventional water cycle were adjusted to the
specific locations based on either LCA studies providing data specific to the area or official reports from

drinking water companies, government, or institutions dealing with water availability and governance, as



well as the ldemat2023 electricity eco-costs. The calculations for the adjustment of the values are

explained in Annex.

Results and Discussion

Construction Eco-costs of Greywater Recycling System

The eco-costs of the Hydraloop construction added to 143 eco-cost-euros. The largest contribution to the
eco-costs was given by the high-density polyethylene (HDPE) which accounted for 46% of the eco-costs of
the system (Figure 4). HDPE is the material with the largest contribution to the weight of the system,
being used for the tanks and structural support. The second largest contribution is the printed circuit
board (PCB) included in the construction which accounted for 20% of the eco-costs followed by the
Stainless Steel mainly used in the front plate accounting for 11% of the eco-costs of the unit. Based on the
functionality of these materials, the largest potential part for eco-design is the Stainless Steel front plate,
because, for the HDPE parts and PCBs, it is difficult to find substitutes with the same functionality and

aesthetics. Also, it could be worthwhile to lookinto reusing (parts of) Hydraloop atthe end of life to lower

the eco-costs at the end of life.
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Figure 4. Breakdown Eco-costs Hydraloop Construction. Materials or processes accounting for less than 1% are added as others
including PC, PVC, PP, Galvanized Steel, EPMD, POC, PU, PA, Steel 55Si7, Copper, Cast Iron, Magnet, Batteries, Rolling Steel, and

Rolling Aluminium.

Eco-costs of recycled greywater in comparison with water from the conventional water chain
The eco-costs of using 1 m3 of water through the conventional water chain (Scenario 1) are compared

with the eco-costs of recycling 1 m? of greywater assuming the water recycling system uses two different



sources of electricity; the local network providing the local energy mix (Scenario 2) and solar panels

installed at the location of the greywater recycling system (Scenario 3) (Figure 2).

The eco-costs of recycling 1 m3 of greywater were lower than the eco-costs of using 1 m3 of water via the
conventional water chain in all of the studied locations (Figure 5). The use of water via the conventional
water chain of production had a large range of variation in eco-costs with values between 0.21 and 2.30
€-:m depending on the location, while the eco-costs of recycling of 1 m? of grey water had a much smaller
range of variation with values between 0.11 and 0.33 €/m?3 depending on the local energy mix. The range
of variation of eco-costs of recycled water is even smaller when using electricity generated by solar panels
giving values between 0.08 and 0.19 €/m3. The locations with the highest eco-costs for the conventional
water chain are California, Morocco, and KSE giving values of 1.95, 2.07, and 2.30 €/m3 respectively. These
three locations share the highest levels of baseline water stress (BWS) among the studied locations (Table
2). The state of New York US, Belgium, and the Netherlands presented much lower eco-costs of the
conventional water chain also corresponding to a lower level of baseline water stress giving eco-costs

values of 0.21, 0.76, and 0.40 €/m? respectively.

25

o 20

£

~

it

wv

‘g 1.5 H Conventional Water Chain
3

Q

L

w10

g W Hydraloop Water

g Using Energy from Grid
& 05

M Hydraloop Water

Using Solar Energy
0.0

New York St. California Belgium Netherlands Morocco

N. America EU
Geographical Area

Figure 5. Comparison Ecocosts of conventional water chain and recycled water via Hydraloop System using local electricity mix

and electricity generated by solar panels.

The difference in eco-costs between using 1 m*® of water through the conventional water chain and
recycling 1 m3 of greywater using energy from the grid is reflected in eco-costs savings between 16% and
94%, the location with the lowest eco-costs savings was the Netherlands where recycling greywater would

save only 16% in eco-costs (Figure 6). This is due to the lower amount of water that could be recovered in



Europe (of 119 L-p*-d! [45]) in comparison to the other regions combined with a lower baseline water
stress. The use of solar panels to power the greywater recycling system increases the potential eco-costs
savings significantly, for example in the Netherlands, the eco-costs savings increased from 16% to 52%
compared to the local energy grid situation. In the locations with high BWS; California, Morocco and KSA

the ecocosts savings when using solar energy ranged between 95% and 96% (Figure 6).
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Figure 6. Eco-costs savings by using 1 m3 of greywater instead of using 1 m3 of water through the conventional water chain.

Lower eco-costs values indicate a lower environmental burden. These results show that the
implementation of a greywater recycling system can generate eco-costs savings and contribute to a more

environmentally friendly use of water.

Production Phase vs Use Phase Eco-costs of the Greywater Recycling System
The separate contributions to the eco-costs of the greywater recycling system differ by location (Figure
7). When using the local energy mix of the different locations, the largest contribution to eco-costs stems

from the electricity consumption which is the only significant aspect of the system operation or use phase.

The contribution of the use phase (electricity consumption) to the eco-costs of recycling 1 m? of greywater
varies between 59% and 75% when the system uses electricity from the local energy mix and decreases

values between 34% and 42% when using solar panels to power the unit (Figure 6). These differences are



due to the large impact that the carbon intensity of the electricity used to power the greywater recycling

system has on the eco-costs of the system.
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Figure 7. Break down eco-costs of Hydraloop in contributions of production and use phases when using the regional electricity

mix and solar electricity generated at the location.

Since Hydraloop Systems is using the local electricity mix, the best strategy is to decrease the eco-costs of

recycling 1 m3 of greywater to decrease the energy consumption of the use phase, for example by using

solar energy to power the greywater recycling system., Another reduction strategy would be to focus on



decreasing the mass of materials such as HDPE or Stainless Steel (Table 2) or on replacing such materials

with others with lower associated eco-costs.

Sensitivity Analysis

Greywater Recycling System Electricity Consumption

The greywater recycling system operation eco-costs per volume are defined by the electricity
consumption of the system. When considering the scenario when the Hydraloop operates with the local
electricity mix, all the locations show a larger contribution of the use phase to the eco-costs (57%-75%)
with respect to the contribution of the production phase (25%-43%) (Figure 7). Therefore, we analyze the
eco-costs of the greywater recycling system under different electricity consumptions in the use case of
the Netherlands (Figure 8). In the case the energy consumption of the Hydraloop using the Dutch local
electricity mix increases above 237 kWh/y, the eco-costs of the recycled water will be higher than those
of using water through the conventional water chain. This value limit changes depending on the use case

and it is strongly link to the specific eco-costs of the electricity mix at the location studied.
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Figure 8. Eco-costs of water consumption of the conventional water chain and a Hydraloop system using the local electricity mix
or solar energy in the use case of the Netherlands and the consequence of variations in the electricity consumption of the

Hydraloop System.

At an energy consumption below 237 kWh/y recycling 1 m?® of greywater via Hydraloop Systems is
generating eco-costs savings (Figure 8). The reference consumption determined in a normally operating
system was 180 kWh/y, significantly lower than the limit to generate eco-costs savings in the case of the

Netherlands.



Water Savings

Assuming the electricity consumption of the normally operating greywater recycling system of 180 kWh/y,
we also analyzed the effect of changing water savings on the eco-costs of recycled water for the use case
of the Netherlands (Figure 9). The recycled water eco-costs increases exponentially at decreasing volumes
of greywater recycling. Recycling greywater by Hydraloop would generate eco-costs savings when the

water savings of the unit are above 50 m3/y. In the use case of Europe, the water savings estimations are

58 m3/y well above this threshold (Figure 9).
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Figure 9. Eco-costs of water consumption of the conventional water chain and a Hydraloop system using the local electricity mix
orsolar energy in the use case of the Netherlands and the consequence of variations in the water recycled volumes of the

Hydraloop System.

The increase in water savings decrease asymptotically as it gets closer to the maximum capacity of the
system of 193 m3/y exhibiting a large increase in eco-costs saving potential asthe unit treatment capacity

is more efficiently used and because the impact of the system itself has a lower contribution to the eco-

costs.

Conclusions

In overall, recycling greywater contributes to a more efficient and environmentally friendly use of
domestic water. Replacing 1 m? of drinking water by 1 m? of treated greywater for non-potable uses
generates savings on eco-costs of household’s water use between 16% and 94% when using electricity
from the local energy mix. This value changes for each location depending on the eco-costs of the local

electricity mix resulting in marginal savings in some locations. The savings in eco-costs at certain locations



can be up to 96% when using electricity generated by solar panels. Eco-costs savings are highly dependent
on the volumes of water recycled per unit per year, in the case of the Netherlands, the eco-costs savings
threshold is 50 m3/y, meaning a Hydraloop System generates Eco-costs savings when recycling more than

50 m3/y. This value varies depending on the treatment related variables of an specific location.

The conditions of the different locations had a large impact in the results when the Hydraloop System was
using electricity from local energy mix. In such cases, it is important to analyze the impact of the system
in a given case before decision making. In the case of Hydraloop Systems using solar energy, the location
dependent variability was lower and showed large potential eco-costs savings in a wide range of

conditions i.e. different energy consumption of the system and different water recoveries.

This study excludes the environmental impacts of the system’s assembly, transportation, maintenance,
and the consequences of additional water infrastructure required in the household such as separate
networks and lift pumps, future research should focus on including this aspects of the Hydraloop System.
The environmental impact of telecommunication, data storage and computing required to maintain the

operation of the systems is assumed as marginal and is not included in the analysis.

Further research to improve the sustainability of Hydraloop Systems should focus on including alternative
end of life treatments such as a material reuse program at the end of life for components that still have
significant lifetime left. Another important issue to address in future research is the possibility of

redesigning Hydraloop Systems with alternative materials with lower eco-costs or decreased mass.
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