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a b s t r a c t

In the Netherlands, central softening of drinking water is widely applied for reasons of public health,
client comfort, economic and environmental benefits. Currently, the detrimental contributions of soft-
ening, in particular the use of chemicals and energy, are taken into account in the carbon footprint of the
Dutch drinking water companies. The beneficial contributions have, however, until now not been
included in the carbon footprint. Here, we present an attributional life cycle assessment (LCA) for the
softening of drinking water, including effects at the household level and several sensitivity analyses. Five
central softening methods were included (pellet reactor (PR), water storage reservoir (WSR), reverse
osmosis (RO), nanofiltration (NF) and ion exchange (IEX)). Domestic softening by IEX is represented as
well. Central softening, except RO, is shown to reduce the carbon footprint when effects at the household
level are included. The main detrimental contributions are caused by the consumption of chemicals and
energy in the softening process. The main beneficial contributions of softened water with respect to the
carbon footprint are at the household level. Decreases in water hardness result in reduced scaling and
give rise to a prolonged lifespan of appliances in which water is heated, reduced energy use of those
appliances and less required cleaning agents. For PR and WSR a new beneficial effect was identified;
carbon capture in the crystallized calcite and dissolution of CO2 into the softened water. We show that for
the Dutch water companies Evides and Waternet approximately 20% and 60%, respectively, of their total
carbon footprint is compensated by the net carbon benefit of softening. The net total carbon footprint of
drinking water softening in the Netherlands is estimated to be �0.11 Mtonne CO2 eq./yr.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The hardness of drinking water is determined by the sum of the
concentrations of Ca2þ(aq) and Mg2þ(aq) (GWRC, 2007). Softening
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is the process of reducing the hardness of drinking water. The main
advantages of softening of ‘hard’ drinkingwater are decreases in; (i)
the solubility of lead and copper, (ii) the amount of cleaning agents
that need to be used, (iii) scaling by calcium carbonate in appliances
that heat water, leading to an experienced increased level of
comfort by consumers (van den Hoven and van Eekeren, 1988;
GWRC, 2007; van der Bruggen et al., 2009; Abeliotis et al., 2015).

Central softening of drinking water is currently (partly) applied
in several countries (e.g. the Netherlands, Belgium, Germany,
France and the USA) and domestic softening is the most applied
way of softening in other countries (GWRC, 2007). Due to concerns
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about a possible relation between hardness and cardiovascular
diseases, large scale application of central softening in the
Netherlands was at first limited (Graveland et al., 1983). In 1982,
however, it was concluded that softening of drinking water down to
1.5 mmol Ca/L would not result in adverse health effects (Graveland
et al., 1983) and the World Health Organization (WHO) currently
has no guideline value for hardness of drinking water (WHO, 2017).
Since 1982, central softening has been applied to nearly all drinking
water that can benefit from softening in the Netherlands (Hofman
et al., 2007). Currently, legislation in the Netherlands allows central
softening down to a total hardness of 1.0 mmol/L
(Drinkwaterbesluit, 2018). The pellet reactor (PR, see Table 1 for all
used acronyms) is the most applied central softening process for
drinkingwater production. In a PR calcite is crystallized onto pellets
and seeding material in liquid-solid fluidized bed reactors by
addition of a strong base like for example sodium hydroxide
(Hofman et al., 2007). Other processes that are sometimes used for
softening are ion exchange (IEX), nanofiltration (NF) and reverse
osmosis (RO). In IEX Ca2þ(aq) is removed from the water by ex-
change for either 2 Hþ or 2 Naþ from the IEX resin. NF and RO
reduce hardness by filtration of water under pressure through
membranes with very small pores. In a few locations, softening of
drinking water is achieved in a water storage reservoir (WSR) by
addition of a base to the reservoir. Softening at household level is
usually achieved through IEX (GWRC, 2007; van der Bruggen et al.,
2009; Tang et al., 2019).

The environmental impact of softening can be determined with
a life cycle assessment (LCA). Some LCA studies on softening have
been done, but they are usually confined to effects within the water
treatment (Sombekke et al., 1997; Mohapatra et al., 2002; Barrios
et al., 2008; Tapia et al., 2008) or consider only limited effects
elsewhere, like for example the effect of replacement of calcite as a
natural resource by calcite pellets (Schetters et al., 2015). Only a few
studies are available that include effects at the consumers’ homes,
and these show a beneficial environmental impact when these
effects are considered (Regueira, 2000; Hofman et al., 2007;
Godskesen et al., 2012; Mulder, 2014). To our knowledge, no LCA
has been done which addresses impacts both at the water treat-
ment site and at the consumer level for different types of softening
methods, including a home softening method.

The Dutch drinking water companies have the ambition to be
climate neutral well before the European Union’s current goal of
2050 (van der Hoek et al., 2017). Currently, the Dutch drinking
water companies determine the carbon footprint (CF) of their ac-
tivities (Greenhouse Gas (GHG) protocol, scope 1, 2 and 3), which
includes the chemicals and raw materials (e.g. seeding material)
used in the softening process. The environmental benefits of central
Table 1
List of acronyms.

LCI Life Cycle Inventory

LCA Life Cycle Assessment,
GWP Global Warming Potential,
GTP Groundwater Treatment Plant,
CF Carbon Footprint,
PR Pellet Reactor
WSR Water Storage Reservoir,
RO Reverse Osmosis,
NF Nanofiltration,
IEX Ion Exchange
DS (Decentralized) Domestic Softener
SD Supplementary Documentation,
WBB Waterwinningbedrijf Brabantse Biesbosch,
WTP Water Treatment Plant
WWTP Waste Water Treatment Plant
COD Chemical Oxygen Demand
softening at consumer level has, however, never been fully calcu-
lated for the Netherlands and is therefore not yet present in the CF
calculations of the Dutch drinking water companies.

2. Methodology

2.1. Goal and scope definition

2.1.1. Goal
The aim of the analysis is to address the limited available in-

formation about the CF of the five central and one decentral soft-
ening methods (PR, WSR, RO, NF, IEX and DS). We determine the
change in CF when a decentralized domestic softener is used at
home and when centralised softening is added to the water treat-
ment plant, using a LCA approach (attributional). The hotspots are
identified and recommendations are given to both drinking water
companies and consumers on how to reduce their carbon footprint.

2.1.2. Functional unit
The functional unit of this study is the softening of 43 m3

drinking water. This is the average water usage per person per year
in the Netherlands (VEWIN, 2019) and is a bit below the European
average of 53 m3 (EEA, 2018). For data on the average water con-
sumption and the effects of softened drinking water in households
in this study (Section 3.4) we assume a person living in a two-
person household. In this analysis, we calculate the change of CF
for the following two scenarios:

� Central softening: five central softening methods are analysed
for softening of water from 2.4 mmol/L to 1.4 mmol/L.

� Decentral softening: one decentral softeningmethod is analysed
for softening of water from 2.4 mmol/L to 0.0 mmol/L.

The reference situation of 2.4 mmol/L is selected, as this is a
commonly found hardness of water sources in the Netherlands
before softening is applied (Siegers, 2002). The results presented
reflect the environmental benefits and burdens relative to the
reference situation.

2.1.3. Geographical and temporal scope
Even though the Netherlands is used as a case study in this

analysis, it can be assumed that the performed analysis is also
applicable to similar softening processes in other countries with an
appropriate level of economy and technical development. The ef-
fects are not specific for the Netherlands. Naturally, the CF of soft-
ening depends on the softening depth. Most of the data provided in
the Life Cycle Inventory (LCI) can be assumed to have a positive
linear relation to the softening depth. This is not always the case,
especially around a hardness of 1.0 mmol/L (Godskesen et al., 2012).
Therefore, one should be attentive when interpreting the results for
other countries with different softening depths. Furthermore, we
estimate that results of this analysis are valid for the period between
2018 and 2025, and for regions with a similar production processes
for auxiliaries and electricity. After 2025, the results should be
updated as the GWP of electricity and auxiliaries will likely change.

2.1.4. System definition and boundaries
The drinking water softening affects the CF of different pro-

cesses. In this analysis, the following effects/processes (including
transport) are taken into account (see also Fig. 1):

� The energy, chemicals and raw materials required for the soft-
ening process

� The materials and the basic manufacturing steps required to
produce the softening installations
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Fig. 1. Chosen system boundaries for both the central and decentral softening methods.
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� The increased need for pre-treatment and transport of hard
water due to water losses during the softening process

� The production of by-product (calcite pellets) which can be used
to replace other products.

� The carbon capture due to the production of the by-product
� The effects in households:
o Influence of limescale on lifetime and energy use of house-
hold appliances

o Influence of hardness on use of cleaning agents
� The treatment of waste water, including the change in amount
of cleaning agents present in the waste water of households

Recycling of the softening installations and household appli-
ances are not taken into account as the environmental benefits of
recycling (avoiding new material production) in 20e40 years is
very uncertain.

2.2. Allocation

No allocation is applied in this study. The CF of the softening step
(Fig. 1) is fully allocated to the softening of water, even though the
RO and NF softening installations are also used simultaneously for
other purposes, such as improving the water quality by removing
other undesired components from the water (Hoslett et al., 2018).

2.3. Data collection & quality

The scenarios are modelled in the SimaPro 9.1 LCA software. The
CF is calculated using the IPCC 2013 GWP 100a V1.03 methodology.
The foreground data in this study is based on the following sources
(in decreasing order of preference): process specific data collected
at water treatment plants, calculations using specialized software,
literature, expert judgements and other publicly available data. The
Ecoinvent v3.6 LCA-database (which includes transportation) is
used for most background processes such as building materials,
electricity and auxiliaries, except when other available sources on
the GWP of products are deemed more accurate.

The inventory data used to model the softening process and the
pre-treatment of hard water is considered to be of high quality, as
most of the data is either based on measurement from water
treatment plants, process specific literature or calculated by experts
using specialized software. The PR data is based on measurements
of groundwater treatment plant (GTP) Baanhoek in 2018 (Evides,
2019), calculations for GTP Haamstede en Ouddorp using projec-
tion software AquaCalc (de Ridder et al., 2019), and data (Hofman-
Caris et al., 2016). WSR data is based on measurements from Pet-
rusplaat, one of the WSRs of ‘Waterwinningbedrijf Brabantse
Biesbosch’ (WBB) (2013e2018) (Evides, 2019). RO is based on
Hofman-Caris et al. (2016). Data for NF and IEX are based on
(Bonton et al., 2012) and calculations with the projection software
WAVE (de Ridder et al., 2019). DS is based on public information
(AquaCell, 2019) on existing domestic softeners.

The literature data on the effect of drinking water softening at
households has a higher uncertainty as the influence of the hardness
of water in appliances and consumer behaviour depends on the
chosen degree of softening and is difficult to measure accurately.
Only one study could be found which was able to provide reliable
data (Godskesen et al., 2012). The carbon capture in calcite pellets
has a high uncertainty as it depends on the exact amount of CO2 that
dissolves from air into the softened water after softening, and this
amount has never been accurately determined. The data concerning
the production of the softening installations and waste water
treatment are based on expert knowledge, as these processes are
expected to have a relatively small (and in most cases negligible) CF.
The effects of the uncertainties deemed to influence the resultsmost
significantly are addressed in the sensitivity analysis in Section 4.2.

In this paper, the key assumptions are explained in more detail
and the most relevant sources are displayed. In order to encourage
other researchers, companies and LCA experts to reproduce, update
or adjust our findings, the supplementary documentation (SD)
provides detailed information on other assumptions (mainly about
the chosen inventory data), data sources, process schemes and the
used inventory processes (mostly from the Ecoinvent database).

3. Life cycle inventory

3.1. Pre-treatment and transport of hard water

For all softening methods, with the exception of WSR, the water
treatment facility is assumed to have the following processes in
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place: aeration, coagulation, (pre)filtration, infiltration, abstraction
of water, rapid sand filtration, biological activated carbon filtration
and UV disinfection. The WSR only contains the abstraction and
aeration processes.

We define the pre-treatment as all processing steps that occur
before the actual softening process. As different softening tech-
niques are used at different locations in the treatment facility, the
amount of energy and chemicals used in the pre-treatment can
differ per softening method.

The required chemicals were gathered for each processing step
together with the total electricity demand of the pre-treatment
steps. As can be seen in Table 2, the pre-treatment for the WSR
requires no auxiliaries and only a small amount of electricity
compared to the other softening methods.

The change in CF during pre-treatment when adding softening
is calculated using the inventory data and the effect that the water
losses during softening (Section 3.2) have on the amount of
chemicals and energy used during the pre-treatment steps. In the
sensitivity analysis we also calculate the change in CF when a less
extensive pre-treatment, containing only the aeration, coagulation
and (pre)filtration steps, is used.

3.2. Softening process

3.2.1. Inventory of water losses, electricity use and auxiliaries
The inventory data (water losses, electricity usage and required

auxiliaries) of all softening techniques are shown in Table 3. The
water losses caused by softening affect both the CF of the pre-
treatment steps (Section 3.1) and the waste water treatment (Sec-
tion 3.5). The environmental benefits of the calcite co-product
created in PR and WSR are explained in Section 3.2.2.

Most data on softening is provided for different degrees of
softening. Similar to Godskesen et al. (2012) and van der Bruggen
et al. (2009), it is assumed that the required electricity and auxil-
iaries (except membranes) and produced co-products have a pos-
itive linear correlation to the softening depth.

In the WSR, the softening chemical is added to the water by
unloading a truck directly into the WSR. As a result mixing is not as
good as in the controlled environment of a PR, which has a fluidized
bed which facilitates crystallization that is not present in the WSR.
Therefore, softening in a WSR requires more base per mmol soft-
ening than the PR. The water losses at the WSR are caused by
evaporation and seep. For softening in a WSR, one could also take
Table 2
Inventory data of pre-treatment steps for each softening method.

Pre-treatment Softening
method

Amount Sources/assumptions

Electricity (kWh/m3) RO, NF, IEX 0.60 Based on the average electricity consum
for office space.

PR 0.54 Softening with PR occurs before aeratio
consumption of these processes report
to be 90% of 0,60 kWh/m3.

DS 0.70 As the DS softens the water at the con
water. According to (Evides, 2019), the

WSR 0.084 Data from the WBB in the Netherlands

NaOCl (g/m3) PR, RO, NF,
IEX, DS

0.275

WSR e

FeCl3 (g/m3) PR, RO, NF,
IEX, DS

4.72

WSR e

Granular activated
carbon (g/m3)

RO, NF, IEX,
DS

17

PR, WSR e Softening with PR occurs before biolog

Source: Three water treatment plants in the Netherlands using PR and one using WSR (
into account losses in subsequent drinking water treatment, as
these effectively lower the amount of drinking water produced. As
these losses are low for Evides (2%), these were not taken into ac-
count. RO and NF have the highest water losses and require the
most electricity. DS also uses ion-exchange (IEX) for softening and
requires more salt than IEX due to the larger softening depth of
2.4 mmol/L instead of 1.0 mmol/L. DS loses more water than IEX
due to the smaller scale.
3.2.2. Carbon capture due to production of calcite
Softening in a PR and WSR is achieved by crystallization into

calcite in fluidized bed reactors (see Equation (1)) (Graveland et al.,
1983; Dits, 1995).

Ca2þ þ 2HCO�
3 þNaOH/CaCO3 þ Naþ þ HCO�

3 þ H2O (1)

Such production of calcite in a PR or WSR has two potential
environmental benefits. First of all, the calcite can be used in many
long-lasting applications, such as concrete, filler and carpets
(AquaMinerals, 2019). According to a confidential LCA performed
by AquaMinerals, this replacement of conventional materials has a
small environmental benefit of �14.5 kg CO2 eq. per tonne calcite.
The calcite produced in the WSR does not replace conventional
materials as it is stored in the WSR and will likely remain there for
more than a century. Secondly, as CO3

2�, HCO3
� and H2CO3 in water

are in constant exchange with CO2 in the air, the removal of HCO3
�

from water ultimately increases the CO2-uptake from the air. An
extreme version of PR has even been proposed as an efficient
process to capture CO2 from air (Burhenne et al., 2017). We take this
CO2-uptake into account as the exchange happens on relatively
short time scales compared to the effects of global warming.

The maximum theoretical amount of CO2 that can be captured,
based on the molecular formula, is 0.44 tonne CO2 per tonne of
produced calcite. To determine the minimum impact of softening
by PR andWSRon climate change, the amount of CO2 taken up from
the atmosphere by the ocean is used as a benchmark. About 31% of
all anthropogenic CO2 has been taken up from the atmosphere by
the oceans (Gruber et al., 1996, 2019). The uptake of CO2 by the
oceans is not uniform (Wooley et al., 2015; Gruber et al., 2019); in
the North Atlantic Ocean the CO2 uptake can be almost a factor two
above the average, up to about 57% (Gruber et al., 2019). Again, this
shows that CO2 is only partly taken up by water and that the
amount is uncertain.
ption of WTP Leiduin and WTP Ouddorp in the Netherlands, assuming 50% usage

n, biological activated carbon filtration and UV disinfection. Using the energy
ed in Hofman-Caris et al. (2016), electricity usage of the pre-treatment is assumed

sumer, water losses also affect the electricity usage required for distributing the
average electricity required for distribution is 0,10 kWh/m3.
.

ical activated carbon filtration.

Evides, 2019).



Table 3
Inventory data of all softening techniques when reducing the hardness of 1 m3 water by 1,0 mmol/L.

Unit PR WSR RO NF IEX DS

Water losses % 0.33a 5c 9.9a 6e 1e 4.4h

Electricity kWh/m3 0.007a 0c 0.198a 0.1e 0.007e 0(h)

Auxiliaries
CaCO3 (seed material) g/m3 13.0a e e e e e

CO2 g/m3 11.9a e e e e e

NaOH g/m3 48a,b 69b,c 13.66a 4.2f e e

H2SO4 g/m3 e 4.69c e e e e

Antiscalant g/m3 e e 0.99a 0.9e e e

NaCl g/m3 e e e e 266.85e 640.44h

Cation exchange resin g/m3 e e e e 0.79g 1.90g

Membrane m2/m3 e e 0.001d 0.001d e �
Co-products & Carbon capture
Calcite pellets (CaCO3) g/m3 101a e e e e e

Calcite sludge (CaCO3) g/m3 e 101c e e e e

a (Hofman-Caris et al., 2016; Evides, 2019; de Ridder et al., 2019). Original data was provided for softening depth of 0.91 mmol/L and is adjusted to softening depth of
1.0 mmol/L assuming a positive linear relation (except for water losses).

b In the PR, the efficiency of the softening chemical (NaOH) is 83% (Hofman-Caris et al., 2016). In the WSR this is only 58% (Dits, 1995; Evides, 2019).
c Evides (2019). Original data was provided for softening depth of 0.19 mmol/L and is adjusted to softening depth of 1.0 mmol/L assuming a positive linear relation (except

for water losses).
d RO: Hofman-Caris et al. (2016), NF: Bonton et al. (2012). Assuming CF of NF membrane to be the same as RO membrane.
e de Ridder et al. (2019).
f Bonton et al. (2012). No adjustment for softening depth for NaOH, as NaOH is not used for softening in this purpose.
g Evides (2019). Original data for IEX was provided for softening depth of 0.85 mmol/L and is adjusted to softening depth of 1.0 mmol/L for IEX and 2.4 mmol/L for DS

assuming a positive linear relation. Assuming a lifespan of 10 years and no scaling disadvantage for DS.
h AquaCell (2019). NaCl based on IEX but adjusted from a softening depth of 1.0 mmol/L to 2.4 mmol/L assuming a positive linear relation (except for water losses).

Table 4
Estimated building materials for the production of the softening installations.

Production Unit PRa NF (& RO)b IEXa DSc

Production per year Mm3 4 0.73 4 8.6 � 10�5

Lifespan y 40 20 40 20
Total production Mm3 160 14.6 160 1.72 � 10�3

Building materials per m3 produced drinking water
Galvanized steel g/m3 0.09 0.72 0.05 9.88
Concrete g/m3 0.44 1.50 0.24 e

Plastics g/m3 e 0.24 e 1.74
Total g/m3 0.53 2.46 0.29 11.63

a Source: RHDHV (2019).
b Source: Bonton et al. (2012), adjusted lifespan from 10 years to 20 years.
c Estimated by authors, based on total weight (20 kg) of a commercial DS and the

average water usage of a two-person household.
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The softening in the WSR Petrusplaat removes 0.56 mmol/L
CO3

2� (aq) from the raw water, but the sum of HCO3
�(aq) and

CO3
2�(aq) at the outlet is only 0.28 mmol/L lower (based on some

300 measurements of HCO3
� and CO3

2� in the period 2014e2018).
Apparently, in the WSR 0.28 mmol/L CO2, which is 50% of the
removed CO3

2�, is taken up from the atmosphere and reacts into
either HCO3

�(aq) or CO3
2�(aq). This takes place in 25 days; the

average residence time of the well-mixed (by aeration and wind)
water in the WSR Petrusplaat. As biological processes probably also
play a role in the carbon cycle of the WSR, not all the CO2 uptake is
necessarily due to softening. However, as the changes in HCO3

�(aq)
and CO3

2�(aq) at two WSR without softening at the same location
are significantly smaller, it appears that most of the effect in the
Petrusplaat is due to softening.

Ultimately, we are unable to exactly determine the CF storage of
CO2 in the form of calcite. The value lies between approximately
31% of uptake in the oceans and the 100% of 0.44 tonne CO2 per
tonne produced calcite. We chose to set the environmental benefit
of precipitation in softening at 0.20 tonne CO2 per tonne of pro-
duced calcite, 45% of the maximum value and close to the 50%
observed over the WSR Petrusplaat.

3.3. Production of softening installations

Table 4 shows a rough estimate of the building materials
required for the production of the softening installations.

Only data on the amount of steel, concrete and plastics were
collected as these are the main materials that are used. It is
assumed that the galvanized steel and plastics are further pro-
cessed into the desired shape using impact extrusion and ther-
moforming, respectively. The WSR does not contain a softening
installation and therefore requires no building materials. As no
information could be found on the building materials required for
RO, the required materials are assumed to be equal to NF.

3.4. Effects of the softened drinking water in households

According to (Godskesen et al., 2012), hardwater has threemain
consequences when used in households. Firstly, hard water
shortens the service life of household appliances which heat water
due to an increased amount of limescale present on their heating
elements (Godskesen et al., 2012; van der Bruggen et al., 2009). As a
result, more household appliances must be produced. Secondly,
household appliances consume more energy because of limescale.
Finally, more cleaning agents are used for the removal of limescale
and more soap for personal hygiene.

Losses of drinking water due to leakage in the distribution
system were not taken into account in the calculation of the CF at
consumers households here. These are low (5%) in the Netherlands
(VEWIN, 2019), but can be substantial in other countries.

3.4.1. Decreasing electricity usage and prolonging lifespan of
household appliances

According to van der Bruggen et al. (2009), when the water
hardness is < 1.5 mmol/L, the amount of limescale deposit in
household appliances is negligible. When the hardness
is > 1.5 mmol/L, every 3.0 mmol/L increase in hardness is expected
to cause an average increase of 1.0 mm limescale during the entire
lifespan of the appliance (van der Bruggen et al., 2009).

When less limescale deposit is present the electricity usage of
household appliances with heating elements decreases while the
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expected lifespan increases. Similar to Godskesen et al. (2012), the
domestic appliances affected by the softened water were identified
as washing machines, coffee machines, kettles and dishwashers.
Godskesen et al. (2012) determined the electricity usage and life-
span of household appliances based on hardness of 3.62 mmol/L,
2.54 mmol/L and 1.45 mmol/L. For central heating systems, boilers
and scaling in hot water pipes no data on the effect of scaling could
be found. Thus, any potential energy-saving effect and lifespan
increase due to softening could not be taken into account.

The data provided by Godskesen et al. (2012), is adjusted to the
water hardness in our two scenarios in two steps. First, we inter-
polate the data to obtain the data for 2.4 mmol/L. Secondly, as we
argued that with a hardness of <1.5 mmol/L the amount of lime-
scale deposit is negligible, the electricity consumption and lifespan
of the household appliances for 1.4 mmol/L and 0.0 mmol/L are set
to the same values presented by Godskesen et al. (2012), at
1.45 mmol/L.

For the calculation of the CF of the appliances, it is assumed that
an average two-persons household contains 0.99 washing ma-
chines, 0.75 dishwashers (VEWIN, 2017), 1 coffee machine and 1
kettle (Godskesen et al., 2012).

3.4.2. Less cleaning agents required
Calcium ions interact with cleaning agents such as laundry

detergent, soap, acetic acid and softening salt for the dishwasher.
Therefore, whenwater is softened, less cleaning agents are required
to obtain the same washing result (Godskesen et al., 2012; Hofman
et al., 2007). Similar to Godskesen et al. (2012) it is assumed that
there is a linear correlation between water hardness and the
required amount of cleaning agents.

In the Netherlands, the average person uses 7 kg laundry
detergent per year (Bisschops and Zeeman, 2018). WQRF (2011)
tested the amount with which the usage of laundry detergent
could be reduced when softer water is used, without negatively
affecting the washing results. They concluded that for a hardness of
5.12 mmol/L, 100% of the recommended quantity is required,
whereas with 2.57 mmol/L only 75% and with 0.0 mmol/L only 50%
is required. Based on these results we estimate that when the
hardness is reduced from 2.4 mmol/L to 1.4 mmol/L, 12.5% less
detergent is required, and when further reducing the hardness
from 2.4 mmol/L to 0.0 mmol/L, 30% less detergent is required.

The potential reduction in use of soap, acetic acid and softening
salt in the Netherlands is estimated using the data from Godskesen
et al. (2012). The data is adjusted in the same manner as described
in Section 3.4.1 (see SD).

Some people will keep using the same quantities of cleaning
agents, even if it is not necessary anymore. According to Mulder
(2014), at most 25% of the consumers are likely to use less clean-
ing agents right away after central softening is applied. As it is
expected that more consumers will adapt their behaviour over
time, we estimate that on average 25% of the consumers will use
less cleaning agents. For decentral softening we assume this to be
50%, as such a purchase is likely to increase the consumers’
knowledge about the benefits of soft water andwillingness to adapt
their behaviour. In the sensitivity analysis, the results are calculated
for different consumer adaption behaviours.

3.5. Waste water treatment

The carbon footprint of a waste water treatment plant (WWTP)
is mostly determined by direct emissions of greenhouse gasses, the
amount of electricity and chemicals required for the removal of
Chemical Oxygen Demand (COD), sludge treatment and transport,
and by the transportation of water (see for example Sabeen et al.
(2018) and references therein).
The waste water from the softening installation mostly contains
salts (removed by RO or NF or added for regeneration by IEX or DS)
and a small amount of antiscalant (RO, NF). This means direct
emissions of GHG are not an issue. Furthermore, according to
Waternet (2019), theWWTP ofWaternet does not treat salts, the CF
of treating the small amount of antiscalant and resulting sludge is
negligible. The amount of waste water that has to be transported
because of the water losses (see Table 3) is taken into account with
an average electricity usage of 0.036 kWh/m3 (Waternet, 2019).

The waste water in households will contain less cleaning agents
when softening is applied. The COD of the cleaning agents are based
on literature and our own calculation (see SI). The removal of COD
requires 0.33 kWh of electricity per kg COD, whereas the amount of
chemicals required for COD removal is negligible (Waternet, 2019).

4. Results and discussion

4.1. LCA results

In Fig. 2 the CF of the five central and one decentral softening
methods including effects at the household level are presented in
kg CO2 eq. per person per year. The contribution of different aspects
is shown; adverse processes have a CF > 0, beneficial processes a
CF < 0. The overall CF of softening is given by the white diamond.
Fig. 2 shows that the net CF of central softening of drinking water is
negative (environmentally beneficial), except in the case of RO. As
mentioned in Section 2.2, we allocate the full impact of RO and NF
to softening, even though the RO and NF softening installations are
also used simultaneously for other purposes. As a consequence, the
CF of the softening process presented for RO an NF can be consid-
ered to be an upper limit, which would be lower if allocationwould
have been applied. The CF of DS is the highest and has a net envi-
ronmental cost.

The (environmentally) adverse impacts (shown above 0) are
divided into four categories. The main adverse impact (65e99% for
all methods), consisting of the required chemicals and energy, is
shown as a blue bar for all methods. The smaller light blue bars give
the CF related to additional need for pre-treatment due to water
losses. For RO and NF this contribution is relatively large and ac-
counts for about 25% of the total harmful impact. The CF of waste
treatment is given in grey and is below 2% of the total for all soft-
ening methods. Finally, the impact of the production of the in-
stallations is shown in green. As expected this is largest for
decentral softening, as far more materials are needed for building
many small installations than for several large central ones.

Fig. 2 also shows the (environmentally) beneficial impacts
(shown below 0) of softening, which again are divided into four
categories. Themint green bars give the effect of a lower energy use
of household appliances due to thinner limescale deposits. This
effect is the same for all processes, as below a hardness of about
1.5 mmol/L the amount of deposit is negligible (van der Bruggen
et al., 2009). The impact of prolonged lifespan of appliances,
shown by the orange bar, is also the same for all processes, for the
same reason. The purple bar gives the impact of a decrease in the
required amount of cleaning agents. This effect is the same for the
central techniques but is about five times higher for the decentral
method (DS). This is because (i) we assumed that 50% of the owners
of a DS use the correct lower dosage as opposed to only 25% in case
of central softening and (ii) because softening to below a hardness
of 1.4 mmol/L does decrease the required amount of cleaning
agents. Finally, in the case of PR and WSR the yellow bar gives the
impact due to carbon capture inwater and calcite by-products. This
last contribution has not been taken into account in an LCA for
softening before and here it is shown to be a relevant benefit for PR
and WSR.



Fig. 2. CF of five central softening and one decentral softening methods.
Note: The domestic softener softens the water from 2.4 mmol/L to 0.0 mmol/L instead of 1.4 mmol/L (see Section 2.1.2).
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4.2. Sensitivity analysis

Sensitivity analyses were done for (i) the effect of extensive or
limited pre-treatment, (ii) carbon capture in water and calcite by-
products, (iii) the CO2 footprint of the used NaOH, (iv) the CF of
the production of softening installations, (v) the percentage of
consumers using the correct amount of cleaning agents, and (vi) the
electricity production. The most important findings are discussed
in this section (see SD for all results).

Extensive and limited pre-treatment represents the treatments
for raw water from surface water or groundwater, respectively. For
PR, WSR and IEX the effect of having extensive pre-treatment
instead of limited pre-treatment on the CF is minor, as a (rela-
tively) small amount of water is lost in these processes. The CF of RO
and NF, however, decrease by 1.1 and 0.6 kg CO2 eq., respectively, as
significantly larger percentages of water are lost as concentrate. For
DS the CF decreases by 0.45.

The amount of CO2 which is actually absorbed (somewhere
between 0 and 100% of the max potential) in the softened water
(called: ‘carbon capture’) has a large effect on the CF of the PR and
WSR. In the base scenario 45% absorption was chosen. At 0%
adsorption the total CF of PR andWSR would increase by 0.9 kg CO2
eq. As a result, NF and IEX would have the lowest CF. At 100%
adsorption the CF of PR and WSR would decrease by 1.1 kg CO2 eq.
As a result, PR and WSR would have the lowest CF.

Another factor in the LCA which is subject to variation is the CF
of NaOH. The value from the most recent Ecoinvent database has
been used here, but the supplier gives a considerably lower foot-
print, whereas drinking water companies (such as Waternet) have
used a higher value in the calculations of their carbon footprint in
the past (as the value in the database used to be higher). The in-
formation from the supplier is specific and probably most up to
date, but the underlying LCA cannot be found in the public domain.
PR and WSR are most sensitive to this parameter, as the use of
NaOH is the largest contributor to their CF. If the CF of NaOH is as
high as used byWaternet in the past, NF and IEX have the lowest CF.
If it is as lowas given by the supplier however, PR andWSR have the
lowest CF.
Considering that some capital goods are excluded and only basic
manufacturing processes are taken into account (see Section 2.3
and 3.3), the CFs for the production of softening installation are
conservative. If the CF of production would double when including
all capital goods and related manufacturing processes, the total CF
for DS would increase significantly (2.41 kg CO2 eq.), while the total
CF of centralized softeners will increase only slightly (max 0.18 kg
CO2 eq.). Therefore, it can be concluded that the CF for the pro-
duction of DS is conservative, as is the difference in CF between the
centralized softeners and decentralized softener.

The largest possible decrease in the CF of softening is given by
the potential reduction in the amount of used cleaning agents.
The actual reduction in the amount depends on the adaptation of
households (between 0 and 100%). When the adaptation in-
creases from 0 to 100%, the CF of centralized and decentralized
softeners decreases by 4.4 and 10.1 kg CO2 eq. per person per
year, respectively. Fig. 3 shows the effect of an increasing per-
centage of consumers who lower the amount of used cleaning
agents, for PR. For the other centralized softening methods the
changes in the CF are the same (�1.09 kg CO2-eq per additional
25% of consumer adaptation) and can be calculated from Fig. 2.
For example, when 75% of the consumers reduce their use of
cleaning agents, the CF of softening in a WSR
becomes �2.42þ(2*-1.09) ¼ �4.60 kg CO2-eq per person per year.
Even though the decentralized softener (DS) has a larger potential
benefit (�2.53 kg CO2-eq per additional 25% of consumer adap-
tation), the CF remains higher in all scenarios e except 100%
adaptation where DS passes RO in obtained benefit.

Finally, the CFs are evaluated for a different electricity mix: 100%
renewable. In the base scenario the CF of the average Dutch elec-
tricity mix is used. The CF of NF and RO decreases the most (2.0 and
3.9 kg CO2 eq., respectively), as the electricity consumption is the
main contributor to the CF. When using renewable electricity, the
CF of RO is reduced to a level where it mitigates climate change like
the other central softening methods. As electricity is only a minor
component of the CF of the other processes, the positive effect of
using renewable electricity on PR, WSR, IEX and DS is only minor. If
the renewable electricity is produced by the drinking water



Fig. 3. Effect of percentage of consumers that use the correct lower amount of cleaning agents on the CF of central softening by PR.
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company, NF remains the method with the lowest CF, but is then
followed by RO as the best alternative.

4.3. Effect on the carbon footprint of drinking water companies

Evides softened (�0.2 mmol/L) about 180 Mm3 water in the
WSR Petrusplaat in 2017 (Evides, 2019). The chemicals used there
for softening added about 5 ktonne CO2 eq. to the CF of Evides in
that year. The beneficial effects of softening at households were,
however, not considered. From the results presented here it can be
shown that these amount to about�9 ktonne CO2 eq. The net effect
equals about 20% of the total CF, as determined according to the
Greenhouse Gas Protocol, of the drinking water branch of Evides
(Evides (2019).

Waternet softens about 95 Mm3 water per year in PRs
(�1,0 mmol/L) (VEWIN, 2019). The chemicals used for softening
add about 4 ktonne CO2 eq. to the CF of Waternet. The beneficial
consequences of softening at Waternet amount to about �13
ktonne CO2 eq. per year. The net effect is about 60% of the total CF of
the drinking water branch of Waternet.

Based on these results, it becomes clear that some drinking
water companies, such as Evides and Waternet, can significantly
reduce the total carbon footprint of the complete supply chain by
softening water.

In the Netherlands about 1200 Mm3 of drinking water is pro-
duced per year (VEWIN, 2019). About half of this is softened
(Hofman et al., 2007), by removing approximately 1.3 mmol/L Ca2þ

on average (Siegers et al., 2002), to achievewaterwith a hardness of
around 1.4e1.5 mmol/L. Based on the presented CF of softening, for
the Netherlands as a whole, the softening of drinking water is
estimated to have a CF of approximately �0.11 Mtonne CO2 eq. per
year (environmental benefit). Most of the drinking water that can
benefit from softening is already softened in the Netherlands, and
only a few areas remain where softening to a hardness of about
1.4 mmol/L can be beneficial. Softening in those areas and/or to a
hardness of 1.0 mmol/L has the potential to further mitigate climate
change, especially if coupled to behavioural changes at the house-
hold level. The largest environmental benefits can, however, be
obtained in countries were hard drinking water is currently not
softened at a central level.
5. Conclusions

The CF of softening, e.g. as this is currently done by Dutch
drinking water companies, has been determined with a LCA,
including effects at the consumers’ homes. It is shown (i) that
central softening from a hardness of 2.4 to 1.4 mmol/L mitigates
climate change when the effects at the household level are taken
into account, (ii) that a relevant contribution is due to carbon
capture in calcite and subsequent redissolution of CO2 from the air
into the softened water, and (iii) that the largest contribution is at
the consumer, where further mitigation can be achieved if their use
of cleaning agents is optimized.

The sensitivity analysis shows that selecting the central soft-
ening process with the lowest CF is complex, as realistic changes in
the carbon footprint caused by the source of the used NaOH, elec-
tricity and the effect of carbon capture in calcite by-products can
easily change which method has the lowest CF. This means that
local circumstances are likely to be the deciding factor in which
central softening process is preferable from the point of view of the
CF.

The net effect of drinking water softening on the carbon foot-
print of drinking water companies is substantial; about 20e60% of
the carbon footprint for Evides and Waternet, respectively. For the
Netherlands as a whole, the net effect is estimated at�0.11 Mtonne
CO2 eq. per year. Drinking water softening in areas with medium to
high water hardness thus has the potential to significantly reduce
the carbon footprint of drinking water companies.

6. Recommendations and future perspective

With respect to the results for RO and NF: these softening
methods are applied in case other issues also need to be addressed,
such as removal of micro-organisms, colour, organic matter and/or
organic micro-pollutants. The results for RO and NF presented here
basically allocate all impacts of RO and NF to softening and such
other benefits are thereby ‘CF free’. The results of this study should,
therefore, not be interpreted as a discouragement to implementing
RO or NF in case such other issues are present, solely to reduce the
CF of softening. A system perspective is key; the choice for a soft-
ening method should always fit the situation, as clean and healthy
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drinking water is of course the most important result.
The main source of uncertainty in the CF of softening as pre-

sented here is the percentage of consumers that use the optimum
amount of cleaning agents. We have shown that the CF for central
softening decreases by 4.4 kg CO2 eq. per person per year from 0% to
100% of the consumers doing so. This is three times higher than the
net CF effect as determined here for PR in the main LCA (Fig. 2). The
potential difference (and the uncertainty) in results is even larger
for decentral softening. More research could help gain clearer
insight into potential gains at the household level, and especially
the factors which stimulate consumers to change their behaviour
and thereby help reduce the CF over the whole supply chain.

The CF of energy, steel, concrete, chemicals, household appli-
ances, cleaning agents etc. is expected to continually decrease in
the coming decades, as for 2050 the EU decided to achieve a
80e95% reduction in CF and is now pushing for a net zero CF. All
contributions to the CF of softening of drinking water by PR, WSR,
RO, NF and IEX (including DS) will decrease because of this, except
carbon capture. As this component becomes the main contributor
to the CF of PR andWSR, it will become necessary to investigate and
quantify it in more detail, so that carbon benefits can be reported
accordingly. Installations last for many decades; PR and WSR
installed in the seventies and eighties are still in operation. Coupled
to campaigns aimed at raising consumer awareness, the imple-
mentation of central softening is expected to have a continuously
decreasing, net climate-mitigating, CF.
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