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c Nordvästra Skånes Vatten Och Avlopp AB, Helsingborg, Sweden 
d Sweco Danmark A/S, Copehagen, Denmark   

A R T I C L E  I N F O   

Handling editor: Mingzhou Jin  

Keywords: 
Blackwater 
Greywater 
Kitchen waste 
Decision-making 
Environmental burden 
Nutrient recovery 

A B S T R A C T   

Life cycle assessment (LCA) is a commonly used method for assessing environmental impacts of systems, but 
cannot produce absolute values, i.e. a comparison with existing calculated values, which represents limits of 
what can be emitted into the environment. Therefore, absolute environmental sustainability assessments have 
been developed to assess impacts against the planetary boundaries (PBs) of the safe operating space for hu-
manity. Since PB-LCAs are novel, it is useful to analyze both results from this method and conventional LCAs, 
something which has not been done before. This study applied both methods to two full-scale sanitation systems 
in the city of Helsingborg, Sweden. The current conventional system for handling wastewater with active sludge 
and food waste to biogas production was compared with the novel project H+ source separation system with 
three pipes (food waste, grey and black water) with increased resource recovery through anaerobic digestion, 
ammonia stripping, struvite precipitation and pelletization. The Planetary Boundaries LCA (PB-LCA) results 
showed that both systems exceeded eight of the assigned shares of PBs, including climate change and biogeo-
chemical flows of nutrients. Traditional LCA (ReCiPe impact assessment) showed net savings for the H+ system 
in a few categories and considerable reductions in several impacts, e.g., global warming potential (GWP), 
stratospheric ozone depletion, terrestrial acidification, and water consumption. In PB-LCA the H+ system gave 
additional impacts in both assessments for a few categories, mostly due to high consumption of chemicals in the 
ammonium stripping process used for nutrient recovery. In conclusion, the combined assessments highlight hot- 
spots for process optimization in the H+ system. From a methodological standpoint, PB-LCA still needs im-
provements to better reflect avoided burdens and results from traditional LCA should be fully transparent and 
analyzed carefully. The assessment methods complement each other and can be combined to better represent 
environmental performances of systems.   

1. Introduction 

Planetary boundaries to prevent anthropogenic pressures from 
destroying the Earth System have been established, by identifying the 
thresholds within which humanity can safely operate (Rockström et al., 
2009). This safe operating space (SOS) indicates the critical limits of 
environmental impacts (Ryberg et al., 2021), beyond which catastrophic 
environmental changes can occur. The biogeochemical flow boundaries 
for nitrogen (N) and phosphorus (P) have already been exceeded (Stef-
fen et al., 2015), and urgent action is needed to bring these back within 

the SOS. 
Among the United Nations (UN) Sustainable Development Goals 

(SDGs) established to reduce environmental pressures and achieve 
global sustainability (United Nations, 2015), SDG 6 aims “to ensure 
availability and sustainable management of water and sanitation for 
all”. Access to sanitation and sanitary and healthy living conditions is 
considered a basic human right. Water is essential for human life and 
activities, so wastewater must be viewed as a valuable resource and 
treated to recover nutrients and water (Diaz-Elsayed et al., 2019). In 
fact, efficient use, reuse, and recycling of wastewater resources would 
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help achieve multiple SDGs (Andersson et al., 2020). 
Conventional sewer-based wastewater management appear to be 

unable to meet the SDG targets (Larsen et al., 2021). In particular, 
conventional systems are failing to provide sustainable options to close 
resource loops and reduce nutrient emissions to surface waters (SDG 
14.1) (Andersson et al., 2020; Larsen et al., 2021). Water, energy, and 
nutrients (e.g., N. P) can be recovered from wastewater via different 
types of technologies. Source separation of wastewater, through urine 
diversion or composting toilets, has been shown to improve resource 
recovery and reduce environmental impacts (Besson et al., 2021; Landry 
and Boyer, 2016; Spångberg et al., 2014). However, these novel systems 
can bring new environmental impacts that occur throughout their entire 
life cycle i.e., from generation to final discharge (Dixon et al., 2003). 
Therefore, life cycle assessment (LCA) is needed to assess the environ-
mental performance of emerging wastewater treatment systems. 

Most previous LCA studies of wastewater treatment systems have 
compared different technological scenarios (Gallego et al., 2008; Garfí 
et al., 2017; Kalbar et al., 2016; Piao et al., 2016). Different configura-
tions for source separation have also been studied, e.g., by Lima et al. 
(2022), Besson et al. (2021), Landry and Boyer (2016), and Spångberg 
et al. (2014). Studies comparing conventional systems with source 
separation have identified advantages of source-separating decentral-
ized/small-scale systems, particularly lower impacts from avoided fer-
tilizer production (Benetto et al., 2009; Lundin et al., 2000). 

In system assessments, estimating environmental impacts in terms of 
the planetary boundaries (PBs) and the share of safe operating space 
(SoSOS) that each individual and/or societal function (service) occupies 
can help guide sustainable development. The SoSOS can be used as 
reference when assessing whether a human activity is absolutely sus-
tainable or not (Bjørn et al., 2020b). Absolute environmental sustain-
ability assessment (AESA) evaluates whether a product or service can be 
considered sustainable in an absolute sense, by calculating distance to 
known environmental limits (Bjørn et al., 2019, 2020a). In planetary 
boundaries-life cycle assessment (PB-LCA), the PBs are used as the 
environmental limits. The other main difference between PB-LCA and 
traditional LCA is that avoided emissions are not considered, as PB-LCA 
shows only emissions from a system, while by-products (recovered re-
sources) are represented by larger SoSOS. 

Only a few studies on wastewater treatment have been performed 
using PB-LCA. In one such study, Ryberg et al. (2021) used PB-LCA to 
evaluate whether a Danish utility company that supplies wastewater 
treatment and water could be considered absolutely sustainable. They 
found that although the company provides essential services, it excee-
ded the SoSOS in 10 of 18 impact categories assessed. However, that 
study did not apply traditional LCA and to the best of our knowledge, no 
previous study has analyzed a system using both LCA and PB-LCA; which 
could be valuable when investigating the sustainability of novel source 
separation wastewater systems, as the choice of impact assessment 
method affects the results. 

This study evaluated the environmental impacts of wastewater 
treatment systems, for a novel treatment system in the Swedish city of 
Helsingborg by using both LCA and PB-LCA as impact assessment 
methods. In a new residential development close to the harbor, Hel-
singborg has implemented a novel source separation system (H+ sys-
tem) consisting of pipes that separate wastewater into three streams: 
food waste from garbage disposal units, blackwater from vacuum toilets, 
and greywater from sinks, laundry rooms, and shower drains. These 
three streams are conveyed to a wastewater treatment plant, which 
treats them separately in order to recover clean water for reuse, sub-
strate for biogas production, and plant nutrients (P and N), and to 
remove organic micropollutants (Kjerstadius et al., 2015, 2017). 

Hence, the specific objectives of the present study were to: i) assess 
the environmental impacts of the H+ system, and ii) identify advantages 
and disadvantages of conventional LCA and PB-LCA. The results can 
inform decision-makers in their choice of technology and choice of 
assessment method. 

2. Material and methods 

The comprehensive environmental assessments performed in Hel-
singborg used the common practices of both forms of LCA, i.e., the ISO 
standards 14,040 and 14,044 for the traditional LCA and for the base of 
the PB-LCA in addition to the steps used by Ryberg et al. (2021). A 
summary of the methods and data used is provided below, while more 
details can be found in the Supplementary Material (SM). 

Input data were gathered from real-life operations in Helsingborg 
and from the technology suppliers (for a full list, see SM). 

2.1. Case study 

Helsingborg, a small city on the south coast of Sweden, has a pop-
ulation of 112,496 inhabitants and occupies an area of 38.41 km2. In 
2013, an urban renewal project was launched in the harbor area to 
modernize the city and link the district with the city center. The project 
area, known as Oceanhamnen, was designed to accommodate source 
separation wastewater systems in new residential buildings containing 
apartments and offices for up to 2500 person-equivalents (p.e.). The 
buildings contain vacuum toilets for blackwater and kitchen grinders for 
food waste, and collection of these three streams, plus greywater, is by 
gravity. The wastewater streams from the Oceanhamnen district are 
treated separately in a local small-scale WWTP, with a total flow of 171 
m3/day and the main characteristics can be found in Table 1. 

2.1.1. Scenarios 
The new system implemented in Helsingborg was assessed in com-

parison with the conventional system currently implemented in the 
remainder of the municipality, which is described in Kjerstadius et al. 
(2017) and shown in Fig. 1. In the conventional system, households sort 
food waste into paper bags that are collected by truck and transported to 
a treatment plant, where the waste undergoes mechanical homogeni-
zation and digestion to biogas. The liquid digestate is used as fertilizer in 
agriculture, the biogas is upgraded to fuel, and the residues from the 
pre-treatment are incinerated for electricity and heat recovery. All do-
mestic wastewater (BW, GW) is collected in a joint sewer network and 
directed to the local WWTP, where it undergoes primary and secondary 
treatment, with anaerobic digestion reactors and biogas generation. The 
biogas is upgraded to biofuel and used in city buses and the sludge is 
used as soil amendment and biofertilizer. Treated water goes through a 
sand filter for polishing, before discharge into the ocean. 

In the H+ system, the source-separated streams are transported 
separately to the WWTP (Fig. 2). FW goes through pasteurization before 
reaching the anaerobic digester, generating biogas and sludge. The 
digestate goes through struvite precipitation and ammonium stripping. 
Sludge goes through dewatering and then pelletizing together with 
recovered struvite and ammonium sulfate, resulting in a pelleted bio-
fertilizer that is used to replace mineral fertilizer in agriculture. The 

Table 1 
Characteristics of the wastewater streams considered.  

Parameters Food Wastea Blackwater Greywater 

Flow 2.90 m3/day 11.0 m3/day 157 m3/day 
COD 24,344 mg/L 10,341 mg/L 480 mg/L 
P-total 74 mg/L 199 mg/L 5 mg/L 
N-total 427 mg/L 1781 mg/L 12 mg/L 
TS 18,566 mg/L 10,413 mg/L 545 mg/L 
TSS – 6945 mg/L 135 mg/L 
VS 15,789 mg/L 7663 mg/L – 
NH4-N – 1510 mg/L 12 mg/L 

Note: Chemical Oxygen Demand (COD), Phosphorus (P), Nitrogen (N), Total 
Solids (TS), Total Suspended Solids (TSS), Volatile Solids (VS), Ammonium Ni-
trogen (NH4-N). 

a Food waste stream was just considered as a liquid fraction in the new system. 
Source: Calculated based on Jönsson et al. (2005). 
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biogas is also upgraded for use in city buses. The BW is treated the same 
way as FW, but the sludge undergoes pasteurization after the biogas 
reactor. Lastly, GW is treated in a sequencing batch reactor (SBR), fol-
lowed by disinfection processes of nanofiltration and ozonation (addi-
tion of ozone to kill microorganisms). It is important to note that only 
the concentrate goes through ozonation and then it is sent back to the 
SBR, while the permeate goes through a heat pump where heat and 
water are recovered and reused. The sludge from the SBR process joins 
the BW stream before the anaerobic reactor. 

Even though the treatments provide potable water quality, due to the 
regulations in Sweden and the lack of specific permits, both treated BW 
and GW are discharged 20% in the ocean and 80% is reused for 
irrigation. 

2.2. Life cycle assessments 

Both assessments were performed following the ISO standards (ISO, 
2006a; ISO, 2006b) for LCAs. 

2.2.1. System boundaries 
The system boundaries are represented by Figs. 1 and 2 as described 

in the captions. The reason why the assessments have different bound-
aries lies in the fact that we performed two different and separate as-
sessments with the same case study. The goal is to point out the 
weaknesses and strengths of both assessments in the way they are 
currently performed. 

2.2.2. Goal and scope 
The scope covered construction and operation of both systems, 

including background and foreground processes. It is important to stress 
that system expansion and substitution are not applied in PB-LCA, so 
these were only calculated and considered in the traditional LCA. 
Therefore, the environmental gains from recovered products in PB-LCA 
are included when calculating SoSOS, i.e., the more functions a system 
has (e.g., useful by-products), the larger its SoSOS. 

The functional unit (FU) was defined as management of all domestic 
food waste and wastewater generated by one person equivalent per year, 
including collection, treatment, and disposal. 

For estimation of wastewater generation, we assumed 2.4 p. e. for 

Fig. 1. Scenario conventional treatment. Note that avoided impacts (dashed box) are only considered in the traditional LCA.  

Fig. 2. Scenario H+. Note that avoided impacts (dashed box) are only considered in the traditional LCA.  
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320 apartments in Oceanhamnen and 0.5 p. e. for 1600 workers, totaling 
1568 p. e. for the first two phases of construction. The inventory was 
calculated for a lifespan of 50 years. 

2.2.3. Inventory 
A detailed description of the inventory for both systems can be found 

in the SM, as well as the description of the systems, technology flows, 
and the Ecoinvent processes used. 

2.2.4. Life cycle impact assessment 
We used the ReCiPe® 2016 method (Huijbregts et al., 2017) for 

traditional LCA (Midpoint, World – Hierachist version), the PB-LCA 
method, and Simapro® for modeling. Characterization factors were 
taken from Ryberg et al. (2018) for PB-LCA and from the Simapro 
database for the ReCiPe® method, as were the normalization factors. 

In the PB-LCA, the impact categories are defined as the nine PBs, but 
“introduction of novel entities” has not yet been quantified, so it was not 
considered in the assessment. In addition to the eight pre-defined cate-
gories, there are several regional considerations to be accounted for, as 
suggested by Bjørn et al. 2020a, b, since most local impacts are not 
global. The eight pre-defined PBs and their units are shown in Table 1 
and the additional regional categories (n = 4) are further addressed in 
section 2.3.3. 

As for the traditional LCA, we considered all impact categories pro-
vided by Simapro® for the ReCiPe® impact assessment, and these cat-
egories are also shown in Table 1, together with abbreviations and units. 

According to Ryberg et al. (2018), there are some correlations be-
tween the two types of LCAs, but not all impact categories can be 
considered for both methods. To facilitate analysis of both methods and 
their pros and cons, we adapted our results according to the correlations 
identified in that study (Ryberg et al., 2018). Table 2 also aggregates the 
categories per this correlation. 

2.2.5. Assigning SoSOS 
The calculations on SoSOS were based on the defined safe operating 

space (SOS) for humanity for the different PBs, as shown in Table 3. Note 
that the SOS for humanity is defined by subtracting the share needed by 
nature from the boundaries. 

As mentioned, when using a geographically resolved method such as 
LCA, regional environmental impacts need to be considered (Bjørn et al., 
2020b). Therefore, based on the work of Hjalsted et al. (2021) and 
Ryberg et al. (2021), we calculated SoSOS for the impact categories 
presented in Table 3 and for the following four functions: wastewater 
treatment, water supply (from recovery), fuel for buses, and mineral 
fertilizer production. Using recommendations from Ryberg et al. (2020), 
we applied an egalitarian approach for allocation of the share to per-
sonal level and a utilitarian approach based on final consumption 
expenditure for upscaling to systems level. That means that we up-scaled 
the very small share obtained for each person to the systems level, and 
hence 1568 people were supplied by the functions provided by the 
systems assessed (wastewater treatment, water supply, fuel production, 
mineral fertilizer production). We then looked at direct and indirect 
spending on the functions and at the total production provided by the 
wastewater treatment system. All calculations for assigning SoSOS to 
wastewater treatment can be found in the SM (section 3). 

2.2.6. Uncertainty 
After modeling both assessments in Simapro®, a Monte Carlo un-

certainty analysis was performed on both full systems. We used 10,000 
runs, as is common practice, and a 95% confidence interval. 

3. Results and discussion 

3.1. Complete results for PB-LCA and traditional LCA 

3.1.1. PB-LCA 
Table 4 shows the direct PB-LCA results obtained from modeling in 

Simapro®. Since normalization was not performed in the PB-LCA 
method, very small values were obtained. Values highlighted in green 
(and with *) in Table 3 represent the best performing results for each 
category. As can be seen, the H+ system had slightly higher impacts than 
the conventional wastewater system in most categories and two of the 
land-system categories (boreal and temperate) had zero impacts. Based 
on the PB-LCA methodology, the SoSOS assigned to both wastewater 
systems was calculated to be 7.59 × 10− 10 (see SM). Although the H+

system had more functions considered in the SoSOS, due to very small 
values this made no difference to the end result, so both systems had 
similar SoSOS. 

Table 2 
Impact categories considered in the two LCA methods and their correlations.  

Traditional -LCA 
categories 

Units PB-LCA categories Unit 

Global warming 
potential (GWP) 

kg CO2 

eq 
Climate change – 
Energy imbalance 

Wm− 2 

Climate change as 
atmospheric CO2 

concentration 

ppmCO2/kg 

Ocean acidification Ωaragonite [mole] 
Stratospheric ozone 

depletion (SOD) 
kg 
CFC11 
eq 

Stratospheric ozone 
depletion 

Dobson units 

Ionizing radiation 
(IR) 

kBq Co- 
60 eq   

Ozone formation - 
Human health 
(OFh) 

kg NOx 
eq 

Atmospheric aerosol 
loading 

Aerosol optical depth 
[AOD; dimensionless] 

Ozone formation - 
Terrestrial 
ecosystems (Oft) 

kg NOx 

eq 

Fine particulate 
matter formation 
(PMT) 

kg 
PM2.5 
eq   

Terrestrial 
acidification 
(TAD) 

kg SO2 

eq   

Freshwater 
eutrophication 
(FEP) 

kg P eq Biogeochemical 
flows – P 

Tg P to soil per year 

Marine 
eutrophication 
(MEP) 

kg N eq Biogeochemical 
flows – N 

Tg N fixated per year 

Terrestrial 
ecotoxicity (TEC) 

kg 1,4- 
DCB   

Freshwater 
ecotoxicity (FEC) 

kg 1,4- 
DCB   

Marine ecotoxicity 
(MEC) 

kg 1,4- 
DCB   

Human 
carcinogenic 
toxicity (HCT) 

kg 1,4- 
DCB   

Human non- 
carcinogenic 
toxicity (HNCT) 

kg 1,4- 
DCB   

Land use (LU) m2a 
crop eq 

Land-system change % of potential forest 

Mineral resource 
scarcity (MRS) 

kg Cu 
eq   

Fossil resource 
scarcity (FRS) 

kg oil 
eq   

Water consumption 
(WC) 

m3 Freshwater use – 
Humid basins 

Fraction of maximum 
annual water 
withdrawal 
[dimensionless] 

Source: Adapted from Huijbregts et al. (2017), Ryberg et al. (2018, 2020). 
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From the table it is important to note that even though Helsingborg is 
located in a temperate climate, in the land-system change categories, the 
one representing the tropics was the one with impacts. The reason for 
that is that for some processes used, such as electricity for biogas 
upgrading using wood chips, the energy source is coming from tropical 
forests, which consequently affects that category and not the temperate 
climate. Hence, this is one of the weakness of the assessment method 
since the inventory cannot be refined to reflect where the land-system 
change is occurring as Ecoinvent does not contain this information. In 
this way, most land-system change are, per default, attributed to tropical 
forest. 

Estimated environmental sustainability ratio (ESR) is shown in Fig. 3 
(logarithmic scale), where values greater than 1.00 (red shading) exceed 
the PBs and values lower than 1.00 are within the PBs (green shading). 
In PB-LCA, the specific contributions of six categories exceeded the PBs: 
climate change-energy imbalance, climate change-CO2 concentration, 
ocean acidification, atmospheric aerosol loading, and biogeochemical 
flows (regional P and N). 

As Fig. 3 demonstrates, neither sanitation system can be considered 
absolutely sustainable according to PB-LCA, as both systems exceeded 
eight of the 15 categories assessed. This is similar to findings in Ryberg 
et al. (2021), where water supply and wastewater treatment system 
exceeded 10 boundaries. In their case, reductions were needed in 
greenhouse gases (GHGs) that contribute to climate change and N and P 
emissions from sewers and WWTP, which may also apply in the present 
study. However, as discussed by Ryberg et al. (2021), absence of sani-
tation services is not an option and would most definitely have even 
worst effects, so actions are needed in relation to the hotspots and 
improving the existing systems. 

Besides excess biogeochemical flows, both systems also exceeded the 
PBs in the climate change categories, ocean acidification, atmospheric 
aerosol loading, and freshwater use (dry and humid basins). Further, the 

H+ system had higher emissions in six impact categories, due to an 
added number of processes in the WWTP, but the emissions associated 
with nutrient flows were reduced. 

Since the PBs are already exceeded for biogeochemical flows of N 
and P (Steffen et al., 2015), initiatives to improve recovery of these 
nutrients and avoid emissions to water are particularly important. Ul-
timately, the emissions trend needs to be reversed. 

As shown in the specific contributions chart (Fig. 3), according to PB- 
LCA the main impact contributions were from operation of the WWTP in 
both systems, especially when adding the separate processes of ammo-
nium stripping and pelletization in H+. This was due mainly to elec-
tricity consumption in the WWTP and to high use of chemicals 
(ammonium stripping) and transportation (pellets). However, the 
pelletization process only gave a significant burden in climate change 
and ocean acidification. Other significant emissions derived from con-
struction of the WWTP (conventional system) due to concrete and steel 
use, and biogas upgrading in both systems, mainly from the CO2 emitted 
from buses using the upgraded biogas and the propane used in 
upgrading. 

Since no substitution is considered or evaluated in PB-LCA, this type 
of assessment and its representation focus on emissions from systems 
relative to the PBs. Such a focus is important, since burdens cannot be 
avoided once emissions have been released, and provides a perception of 
the direct impacts of the system assessed. However, the calculation of 
SoSOS could be improved, since the method considered in this work was 
based on current expenditure on wastewater functions by a country or 
region, and not necessarily on what should be spent, and the source 
separation system did not have a larger SoSOS despite delivering more 
functions. One way of fixing this issue would be by adding to the con-
ventional system water supply, bus fuel and mineral fertilizer as inputs, 
to make these avoided burdens more visible, however it could be 
perceived as unnecessary since the system boundary does not provide 
this, and that the SoSOS should cover the issue. 

3.1.2. Traditional LCA - ReCiPe® impact assessment 
Some values obtained in the ReCiPe® method were negative, due to 

the avoided burdens, which indicates environmental savings in the 
impact category, whereas positive values represented environmental 
impacts (burdens). Table 5 shows the net results (balance between 
positive and negative impacts) for all impact categories considered in 
the traditional LCA method, and the respective units. The best results for 
each category are highlighted in green (and with *). Ozone formation- 
terrestrial ecosystems and freshwater eutrophication had very similar 
values for both wastewater systems. The H+ system performed best in 
13 categories, while the conventional system performed best in five. 
However, both systems showed net savings in four categories. 

For additional investigation, we have further treated the results from 
the Recipe assessment and presented them in detailed, differentiating 
burdens and savings and focusing on just the emissions, similarly to the 
PB-LCA. The information is presented in the SM (Fig. S13) where it 
shows the emissions obtained in the different impact categories, in 
characterized values, without savings. 

As for the numbers presented in Table 4, in order to facilitate 
interpretation, the results were normalized and plotted in graphs 
(Fig. 4). This showed the net results for each impact category and the 
specific contributions for six very relevant categories: GWP, strato-
spheric ozone depletion, freshwater eutrophication, land use, marine 
eutrophication, and water consumption. 

In the normalized results of the traditional LCA (represented by the 
ReCiPe® method), the H+ system performed better than the conven-
tional system in six of the 18 impact categories assessed. The specific 
contributions chart (Fig. 4) showed that both systems gave high emis-
sions in the different categories, but the environmental savings were 
significant and capable of bringing the net results down, e.g., for GWP, 
stratospheric ozone depletion (SOD), human carcinogenic toxicity, and 
water consumption (WC). Use of biofertilizer in agriculture and 

Table 3 
Planetary boundaries and the remaining safe operating space (SOS) for human 
activities.  

Planetary Boundary Units SOS for human 
activities 

Climate change – Energy 
imbalance 

Wm− 2 1 

Climate change as 
atmospheric CO2 

concentration 

ppmCO2 72 

Ocean acidification Ωaragonite [mole] 0.688 
Stratospheric ozone 

depletion 
Dobson units 15 

Land-system change – Global 
forest 

% of potential forest 25% 

Land-system change – Boreal 
forest* 

% of potential forest 15% 

Land-system change – Tropic 
forest* 

% of potential forest 15% 

Land-system change – 
Temperate forest* 

% of potential forest 50% 

Freshwater use – Global km3 consumptive water per year 4000 
Freshwater use – Semidry 

basins* 
Fraction of maximum annual 
water withdrawal 
[dimensionless] 

1 

Freshwater use – Dry basins* Fraction of maximum annual 
water withdrawal 
[dimensionless] 

1 

Freshwater use – Humid 
basins* 

Fraction of maximum annual 
water withdrawal 
[dimensionless] 

1 

Atmospheric aerosol loading Aerosol optical depth [AOD; 
dimensionless] 

0.11 

Biogeochemical flows – P Tg P to soil per year 6.2 
Biogeochemical flows – N Tg N fixed per year 62 

Source: Adapted from Ryberg et al. (2021). *represents regional adapted 
boundaries. 
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avoidance of fuel from the biogas upgraded were mainly responsible for 
the environmental savings. Further, the district heating avoided in the 
conventional system gave considerable savings in FEP, due to avoided 
district heating usage based on the Swedish mix, as the treated water 
recovered in the H+ system had a significant impact on WC. 

The ecotoxicity categories (freshwater, marine, human carcinogenic) 
showed the highest values in the normalization results, as is common in 
these assessments due to incomplete coverage of the substance flows in 
the normalization factors (Pizzol et al., 2017). Modeling fate and 
exposure, as well as unclear definition of the toxic effects, cause large 
uncertainties in these impact categories, which may be overestimated in 
calculation of emissions (Zhang et al., 2022). Therefore, in order to 
provide more complete results in terms of toxicity, more specific as-
sessments (such as risk assessment) are needed as LCA studies do not 
usually explore hotspots based on these (Goedkoop et al., 2013; Zhang 
et al., 2022). The high toxicity emissions in our case, reflected the effect 
of WWTP construction in the conventional system (copper and steel) and 
of construction of collection system in buildings in the H+ system, plus 
ammonium stripping and, to a lesser extent, pelletization. In WWTP 
operation, most toxicity emissions were from the chemicals consumed, 
fuel consumption in transportation, and district heating. 

As found in PB-LCA, the ammonium stripping process also gave the 
most significant individual burden in the six categories considered in 
traditional LCA. The most significant savings were in replacement of 
mineral fertilizer in agriculture, the upgraded biogas used as bus fuel, 
and the treated water used for irrigation in the H+ system. 

The lowest normalized impacts were obtained in the WC category, in 
which the H+ system performed better according to traditional LCA 
(Fig. 4). For GWP, H+ more than halved the normalized impacts 
compared with the conventional system, mainly due to the avoided 
emissions from fertilizer application (N fertilizer and N2O emissions), 
but it was not enough to give net savings. The main burdens in strato-
spheric ozone depletion (SOD) came from N2O emissions from the 
WWTP in the conventional system, which were greatly reduced in the 
H+ system. 

The eutrophication categories (FEP and MEP) reflect nutrient emis-
sions (P and N, respectively) to water. The results showed that for FEP 
the environmental savings were higher in H+, but not enough to give net 
savings since the burden also increased, due mainly to the ammonium 
stripping and pelletization processes, and also transportation and elec-
tricity consumption. For MEP, the main emissions from the conventional 
system were from WWTP discharge, while total impact was significantly 
lower in the H+ system. Note that this is the opposite of the MEP results 
in PB-LCA (Fig. 3), represented by biogeochemical flows-regional P and 
biogeochemical flows-N, where the impacts decreased in the H+ system. 
This is explained by the ReCiPe® method considering irrigation emis-
sions to the soil as affecting freshwater and by PB-LCA not taking any 
soil processes into account. 

For LU in traditional LCA, the conventional system showed better 
environmental performance (net savings) due to less use of district 
heating, which was slightly higher in the H+ system with the added 
burden contribution from ammonium stripping. As also shown in 

Table 4 
Complete results of planetary boundaries life cycle assessment (PB-LCA) for the conventional and H+

wastewater treatment systems in Helsingborg. Green highlights and * represent the best performing 
results. 
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Table 5, WC displayed large differences between the two systems, with 
H+ having significantly higher savings due to water reuse from the 
WWTP, avoided in the irrigation process. 

The traditional LCA representation showed more clearly the benefits 
gained by adding different approaches to resource recovery, although 
the burdens were somewhat hidden at times. 

3.2. Specific contributions – correlation 

Fig. 5 shows the relative impact contributions of the two wastewater 
systems according to both assessment methods, considering the corre-
lation between the categories shown in Table 1. 

At first glance, the main difference between the two representations 
was that ReCiPe® LCA gave negative values and PB-LCA did not. 
Otherwise, the impact contributions were distributed quite equally, with 
the same processes having similar importance. The WWTP represented 

Fig. 3. Exceedance of the planetary boundaries by the H+ and conventional wastewater systems, represented by the ESR (red shading indicates exceedance, green 
shading non-exceedance) and (lower panel) the specific contributions of some categories exceeded. Note: WWTP const. refers to construction and WWTP op. to 
operation of the wastewater treatment plant. 

Table 5 
Complete characterized results of the traditional life cycle assessment using the ReCiPe® method 
(ReCiPe-LCA) for the conventional and H+ wastewater treatment systems in Helsingborg. Green 
highlights and * represent the best performing results. 
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most emissions in both systems, but its operation was more significant in 
H+ and its construction was more significant in the conventional 
system. 

For the climate change categories considered (energy imbalance, 
CO2 concentration, ocean acidification, GWP), the results from tradi-
tional LCA and PB-LCA were very similar for energy imbalance and GWP 

in the conventional system, while WWTP construction impact was not 
visible for CO2 concentration and ocean acidification in PB-LCA. For the 
H+ system, the small savings in GWP from WWTP op. represented the 
savings obtained in the WWTP and reduced all its burdens, resulting in 
net savings. The same applied for biogas upgrading, which appeared as a 
burden in PB-LCA and as savings in GWP, which is not the case, i.e., the 

Fig. 4. Complete net normalized results (in milli person-equivalents, mPE) for the H+ and conventional wastewater systems with the ReCiPe® impact assessment 
methodology, and (lower panel) specific contributions of six important categories: Global warming potential (GWP), stratospheric ozone depletion (SOD), freshwater 
eutrophication (FEP), land use (LU), marine eutrophication (MEP) and water consumption (WC). Note: WWTP const. refers to construction and WWTP op. to 
operation of the wastewater treatment plant. NB: The diagrams have different scales. 

Fig. 5. Analysis of specific relative contributions of the conventional and H+ wastewater treatment systems to the categories: Global Warming Potential (GWP), 
Stratospheric Ozone Depletion (SOD), Ozone Formation - human health (OFh), Ozone Formation - terrestrial ecosystems (Oft), Freshwater Eutrophication (FEP), 
Marine Eutrophication (MEP), Land Use (LU) and Water Consumption (WC) according to a) PB-LCA and b) traditional LCA. 
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burdens are hidden in the net savings. As verified in several LCAs of 
sanitation systems (Landry and Boyer, 2016; Lima et al., 2022; Shi et al., 
2018), electricity consumption had high emissions, which were reflected 
in WWTP op. for both systems, followed by district heating. 

For SOD the two assessment methods use different units, but they 
still showed similar ratios of contributions. In the traditional LCA the 
collection is not visible, but it was quite clear in the PB-LCA results. This 
is because the collection contribution in the ReCiPe® method repre-
sented 0.65% of the overall impacts for the conventional wastewater 
treatment system and the different units led to different characterization 
factors for the process. 

Atmospheric aerosol loading also showed similar ratios with the two 
different assessment methods. It has two representative categories in the 
ReCiPe® method. Both ozone formation categories are measured in NO2 
emissions, as aerosol loading by aerosol optical depth (AOD), which 
takes into account different substances. However, the aspect mentioned 
above was also evident for these categories in terms of WWTP operation. 
Aside from ammonium stripping and small contributions from pelleti-
zation and WWTP construction, it seemed that the WWTP only gave 
savings in oxidation formation in traditional LCA, which was clearly not 
the case in PB-LCA, where WWTP operation was part of the burden. 

For both biogeochemical flows (P and N), the corresponding cate-
gories in ReCiPe® (FEP and MEP) gave a very different visual repre-
sentation. The PB-LCA chart only showed the contributions from 
nutrients directly discharged in treated water from the WWTP, as the 
characterization factors from the method are limited to those, which is 
one of the weaknesses that needs to be overcome. The ReCiPe® method 
considers other emissions in FEP and MEP resulting in more contributing 
processes being shown in the chart. It is difficult to draw conclusions 
from analyzing both methods, but it is possible to see that for FEP there 
are enough savings to reduce the burden from the WWTP, while for MEP 
this does not occur and the savings are minimal. 

Land-system change is calculated in terms of percentage in PB-LCA, 
while LU in ReCiPe® is calculated in m2a crop equivalents. Even with 
the different methods of calculation, the ratio of the contributions was 
rather similar, with the difference lying in the avoided processes in the 
ReCiPe® method that are not covered by the PB-LCA system boundaries. 

Water consumption showed the opposite behavior to land use, with 
the H+ system having much lower impacts in traditional LCA due to the 
savings from recovered water, as the conventional system’s net burdens 
were mainly from WWTP operation. The savings were so large that the 
negative impact from ammonium stripping appeared very small, but the 
PB-LCA clearly showed that use of chemicals in the ammonium stripping 
process alone was almost as significant as the remaining operations of 
the WWTP. 

From this analysis, both assessments appear to complement each 
other. While it is important to consider the environmental savings pro-
vided by a system, the emissions deriving from it are no less important 
and need to be considered as hotspots in system improvement and future 
implementations. 

3.2.1. Practical applications of the methods 
By performing the two assessments methods for the same case study, 

we aimed to identify areas where each method should be applied. 
However, as the results showed, both methods have their advantages 
and disadvantages and our main finding is that they can be used to 
complement each other. Since PB-LCA is still a new approach, there are 
several improvements that should be performed, such as characteriza-
tion factors considering more parameters and substances and fairer ways 
to calculate SoSOS. 

If the objective of a study is to compare two or more alternatives and 
identify the best among these, then traditional LCA is better suited to 
this purpose due to the detailed verification of burdens and savings and 
potential hotspots. If the objective is to determine how close the alter-
natives are to being environmentally sustainable, then PB-LCA is pref-
erable. PB-LCA is also preferable when performing eco-design, to show 

how much better the technology needs to be. 
In our specific case, the Oceanhamnen district in Helsingborg, the 

better-performing wastewater system identified differed between the 
assessment methods, mainly due to fertilizer substitution. This indicates 
a need for valuation of biofertilizer production when calculating SoSOS, 
as the current value is probably too low. The fact that performance of a 
product is dependent on what it substitutes in LCA can also be prob-
lematic, as it is often not well known exactly what (if anything) is being 
substituted. Hence, the best (and most diplomatic) outcome from our 
case is to say that the methods should also be used in a complementary 
way to test whether conclusions from the comparison align. If the con-
clusions differ, further analyses will be required to determine the reason 
for this. 

When performing the assessments as a complement to each other as 
one comparative study, they should ideally have the same system 
boundaries, to make the comparison fair. That means that the differ-
ences in avoided products should be considered, either by removing 
them in the Recipe assessment or by adding the equivalent consump-
tions in the PB-LCA as a way of obtaining the subtraction. 

Hence, in future projects seeking to provide empirical support for 
decision-makers when considering sustainable alternatives in their en-
tirety and system hotspots, both assessment methods should be used, 
taking into account the aspects mentioned and discussed here. 

3.3. Uncertainty analysis 

From the Monte Carlos runs in Simapro®, we obtained the values 
shown in Fig. 6 for ReCiPe® assessment and those in Fig. 7 for PB-LCA. 
According to traditional LCA, both sanitation systems appeared fairly 
similar in terms of uncertainty apart from water consumption, which 
had the highest uncertainty in the conventional system (range 1500 to 
− 2250%) and ozone formation that had the highest in the H+ (range 
25,000 to − 35000%). 

The PB-LCA gave much smaller uncertainties compared with the 
ReCiPe® method (see Fig. 7), aside from Land-system change – Global 
which had a wide uncertainty for both systems. 

3.4. Source separation and environmental performance 

Several studies have shown that source separation is an efficient way 
to recover nutrients and reduce the burden on oceans, but also to recover 
energy, nutrients, and water for re-use (Besson et al., 2021; Suvi Leh-
toranta et al., 2022a, b; Lima et al., 2022). While the H+ source sepa-
ration system did not show the best overall performance in the two 
assessment methods, we confirmed the advantages of nutrient recovery, 
provided it is done considering other factors and all trade-offs. 

According to Andersson et al. (2020), there is a pressing need for 
humanity to manage its own resources in a way that can meet current 
and future needs. This includes linking food production with sanitation, 
as the nutrients and organic matter potentially recovered can be 
returned to agriculture. Source separation sanitation systems can in-
crease N and P recovery by 3- to 10-fold (S. Lehtoranta et al., 2022a, b). 
This was verified in the H+ case, which showed 3-fold higher P recovery 
(to agricultural land) and 7-fold higher N recovery. 

The actual environmental benefits, particularly the climate benefits, 
of any mitigation measure are dependent on policies and decisions on 
how the avoided emissions will be accounted for (S. Lehtoranta et al., 
2022a, b). The main goal of the three-pipe H+ system in Helsingborg is 
to increase recovery of resources, namely fuel, nutrients, and water. If 
greywater were to be recirculated in the system or simply used for 
non-potable purposes, instead of treating it to potable water quality, 
some of the electricity impacts of the H+ system could be avoided and 
potentially some overall burdens. However, in that case, some valuable 
resources (water) could be lost or not fully exploited. 

The technologies chosen for the H+ system, such as ammonium 
stripping and struvite precipitation to increase nutrient recovery, added 
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Fig. 6. Results of uncertainty analysis for the ReCiPe® impact assessment method. Top: conventional system; bottom: H+ system.  

Fig. 7. Results of uncertainty analysis for the PB-LCA impact assessment method. Top: conventional system; bottom: H+ system.  

P.M. Lima et al.                                                                                                                                                                                                                                 



Journal of Cleaner Production 422 (2023) 138632

11

considerable burdens, due to the use of chemicals and increased elec-
tricity consumption. Lam et al. (2020) concluded that while chemicals 
help increase nutrient recovery, the environmental burdens they bring 
are difficult to offset completely, as shown in studies by Bradford-Hartke 
et al. (2015) and Ishii and Boyer (2015). Further, electricity consump-
tion is a pressing issue in this type of recovery system (Lima et al., 2022; 
Shi et al., 2018). Due to ambitions to phase out fossil fuel usage, Sweden 
is currently using biogas as bus fuel, but this trend can change in the 
future, e.g., electricity and heat generation is an alternative for biogas 
recovery. With the rise of electric vehicles and consequently electric 
buses, fuel trends might change and systems might need to adapt (Borén, 
2020). A surplus of biogas could open other possibilities for its utiliza-
tion, e.g., substituting for fossil carbon in other sectors, such as agri-
culture, heat, and electricity (Hamelin et al., 2021), which could 
potentially reduce the environmental impacts and help transition to-
wards a low-carbon economy. 

4. Conclusions 

In terms of overall environmental performance, the conventional 
wastewater system in Sweden already has benefits from resource re-
covery (nutrients, gas). The new system increases resource recovery 
quantitatively and qualitatively (potable water quality), increasing the 
environmental performance in several impact categories. For even bet-
ter performance, energy and chemical consumption and transportation 
hotspots identified in the H+ system should be addressed in future 
resource recovery systems. 

Operation of the WWTP, especially the process of ammonium strip-
ping, gave the most significant impacts in the new H+ system, due to 
consumption of chemicals. However, the increased recovery of bio-
fertilizer, biogas, and water reduced the impacts significantly for climate 
change, freshwater eutrophication, and water consumption, 
respectively. 

The analysis of the two LCA methods showed that PB-LCA and 
traditional LCA (ReCiPe impact assessment) have different representa-
tions and potentially different purposes. According to the PB-LCA re-
sults, neither of the sanitation systems assessed is absolute sustainable, 
as both exceeded SoSOS for eight out of the 15 boundaries studied. In 
fact, the new system showed higher emissions than the conventional 
system in six categories, and reduced impacts only for biogeochemical 
flows of N and P. According to the traditional ReCiPe® LCA results, the 
H+ system performed better in 10 out of 18 climate impact categories, 
due to the avoided emissions, but net savings were achieved in only four 
categories. 

These discrepancies in results arose because PB-LCA leaves out 
avoided burdens (such as mineral fertilizer production and fossil fuel for 
buses), and thus it does not consider a very important part of the 
resource recovery system that offsets some of the environmental bur-
dens. This can be rectified with better methods for assigning SoSOS. The 
savings are shown in the ReCiPe® method, but the overall burdens can 
be hidden and not taken into consideration. Therefore, the assessments 
can be used to complement each other. However, PB-LCA still needs 
further development to improve its utility as a decision-making tool. 
Combined use of PB-LCA and conventional LCA can guide future tech-
nology development to become both more efficient and sustainable for 
the planet. 
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