
 
  

 
 

Environmental Impacts and Economic Implications of Phosphorus Recovery 

By 

 

Madeline M. Sena 

 

 

A thesis submitted in partial fulfillment of  

the requirements for the degree of 

 

Master of Science 

(Civil and Environmental Engineering) 

 

at the 

UNIVERSITY OF WISCONSIN-MADISON 

 

Spring 2019 

  



i 
  

 
 

Environmental Impacts and Economic Implications of Phosphorus Recovery 

 

Madeline M. Sena 

 

Under the supervision of Dr. Andrea Hicks, professor of civil and environmental engineering at 

the University of Wisconsin – Madison 

 

Abstract 

The impact of excessive nutrient loading from phosphorus (P) and nitrogen (N) is one of 

the most pervasive and challenging environmental issues in the United States. However, with 

growing concern for the longevity of global phosphate rock stores there is also interest in 

recovering these nutrients. One potential piece of sustainable nutrient management is the 

recovery of P and N from wastewater through the precipitation of magnesium ammonium 

phosphate (NH4MgPO4 ∙ 6H2O), or struvite. However, a potential concern is that the 

environmental impacts struvite recovery creates through the use of additional chemicals and 

energy are not offset by its benefits. 

A well-established method for assessing the environmental impacts of products and 

processes is life cycle assessment (LCA), which can provide information about impacts in a 

variety of different environmental categories. In conventional decision making processes these 

environmental impacts are usually only a small part of the consideration with economic factors 

driving the decision making. However, this traditional approach neglects the significant potential 

environmental impacts these nutrient management decisions can have. One way to incorporate 

environmental impacts of nutrient pollution specifically into decision making processes is 

through the monetary valuation of nutrients or the damage they can cause. 

This research focuses on evaluating the environmental performance of struvite recovery 

as a nutrient management technology in wastewater treatment through LCA and understanding 

how the environmental considerations of nutrient management technologies can be incorporated 

into conventional decision making through monetary valuation. Chapter one outlines the specific 

objectives that are addressed through this research. 

In the second chapter, LCA literature on struvite recovery systems in wastewater 

treatment was reviewed to understand the current state of knowledge and identify gaps and 
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inconsistencies in the body of literature. Analysis highlighted a lack of studies assessing full 

scale systems in locations outside of Europe despite knowledge of a growing number of 

operations in the United States specifically. Additionally, the emergence of a new trend in 

functional units in terms of an amount of nutrients recovered was identified, and it was 

recommended in future research to evaluate over two functional units to complement both the 

nutrient recovery and wastewater treatment perspectives of these struvite recovery systems. 

The third chapter is a LCA of a struvite recovery system at the Nine Springs Wastewater 

Treatment Plant (WWTP) in Madison, WI USA which attempts to fill the gap identified in the 

previous literature review. This assessment finds that the implementation of struvite recovery 

system improved the overall environmental performance of the WWTP as a whole. Additionally, 

the operation of the struvite system on its own is found to have a net neutral or slightly positive 

environmental impact, and overall improvement in the amount of chemicals or use of alternative 

chemicals in the recovery process is highlighted as an area of focus in future research. 

The fourth chapter surveys literature on the economic damages of nutrient pollution and 

monetary valuation of P in the environment to understand any gaps and areas for improvement in 

incorporating economic impacts or damages into decision making processes. Different 

estimations of the cost of P in the environment were assessed based on a collection of literature 

studies, and these values were then applied in a case study to demonstrate how the variability in 

these estimates can affect decision making. Additionally, recommendations were made for future 

work to focus on how to combine and weight different valuation methods, and for the 

establishment of a standardized method for assessing the value of nutrients. 

In conclusion, this body of work assesses the environmental impacts of struvite recovery 

in wastewater treatment as a nutrient management option, and explores the use of monetary 

valuation as a way to incorporate the environmental impacts of nutrient management solutions 

into conventional decision making processes. While there still remains opportunities for further 

research into the environmental impacts of other nutrient recovery systems and advancement in 

the incorporation of environmental considerations into decision making processes this work fills 

several gaps in the body of knowledge surrounding nutrient management solutions.  
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Chapter 1: Objectives 

Nutrient management is of critical importance in protecting nonrenewable resources (i.e. 

phosphate rock), supporting sustainable agricultural practices and food production, as well as 

protecting the environment (specifically waterways). Loadings of phosphorus (P) and nitrogen 

(N) in waterbodies can cause excessive plant and algae growth lead to decreased dissolved 

oxygen levels and an overall decrease in water quality, and in the past several decades there has 

been increasing concern with the rise of nutrient emissions [1].  

An opportunity for improved nutrient management is through nutrient recovery in 

wastewater treatment, and one way to achieve this is through the recovery of magnesium 

ammonium phosphate, also known as struvite. Precipitation and harvesting of struvite in 

wastewater treatment provides a way to recover P and N in a beneficial form that allows for 

easier movement of nutrients among cities, counties, watersheds, and even states which is an 

important in balancing nutrient loading on a larger scale. However, while struvite recovery in 

wastewater treatment presents as a beneficial component in nutrient management it is important 

to evaluate other potential environmental trade-offs of the technology to ensure that 

environmental impacts are not just being shifted and create problems in another area. 

The aim of this research is to improve understanding of the environmental performance 

and trade-offs of struvite recovery in wastewater treatment, and explore economic valuation of 

environmental impacts from nutrient pollution and how it can impact decision making. Breaking 

this goal down into smaller, more detailed objectives this research endeavors to address the 

following  

• Objective 1: Review current life cycle assessment (LCA) literature of struvite recovery 

in wastewater treatment and identify gaps and areas for improvement in the body of 

work.  (Chapter 2) 

• Objective 2: Conduct a LCA of struvite recovery in wastewater treatment that addresses 

some of the gaps and areas for improvement found in the aforementioned literature 

review. (Chapter 3) 

• Objective 3: Understand the environmental performance and trade-offs of a struvite 

recovery system. (Chapter 3) 
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• Objective 4: Understand how struvite recovery in wastewater treatment impacts the 

environmental performance and trade-offs of a wastewater treatment plant as a whole. 

(Chapter 3) 

• Objective 5:   Review literature on the monetary valuation of P in the environment to 

identify any gaps or areas for improvement in future research. (Chapter 4)  

• Objective 6:  Understand how monetary valuation of P can influence decision making 

through a case study of nutrient recovery. (Chapter 4) 
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Chapter 2: Life Cycle Assessment Review of Struvite Precipitation in Wastewater 

Treatment 

This chapter was adapted from: M. Sena and A. Hicks, "Life Cycle Assessment Review of 

Struvite Precipitation in Wastewater Treatment," Resources, Conservation & Recycling, pp. 194-

204, 2018.  Here motivations for performing a life cycle assessment case study on struvite 

recovery are established. 

 

2.1 Introduction 

A focus in wastewater treatment research today is removing phosphorus (P) and nitrogen (N) to 

mitigate the risk of eutrophication. However, P and N are important nutrients for life; P is 

involved in the production of energy as ATP (adenosine triphosphate) [2], as well as the storage 

and retrieval of genetic information in cells, and N is a component of amino acids which make 

up proteins, and an important component of nucleic acids (DNA and RNA) and ATP [3]. 

Additionally, both nutrients are important for agriculture, and play a central role in global food 

production [4]. Approximately 78% of the atmosphere is comprised of N which can be readily 

fixated through the Haber-Bosch process. P, in contrast, is mainly obtained through the mining 

of phosphate rock which is a limited resource, and there is growing concern about the 

sustainability of global phosphate rock deposits. Although there are only estimates of total global 

phosphate rock stores, it is clear that in the future stores will decrease in quality, become 

unevenly distributed and less accessible [5]. This issue is one of the major drivers behind 

research into sustainable P management, and wastewater has emerged as a viable resource for P 

recovery and recycling. 

 One method for recovering both P and N from wastewater is by precipitating magnesium 

(Mg) ammonium phosphate (NH4MgPO4 ∙ 6H2O), or struvite. Influent concentrations of P, N, 

and Mg in wastewater actually prompt spontaneous precipitation of struvite in wastewater 

treatment plants (WWTPs) which can cause blockages of pipes and buildup on equipment 

creating a large and costly maintenance problem [6]. However, struvite can also be used as slow 

release fertilizer [7], and can reduce the P load in wastewater that is internally recycled which 

decreases treatment demands downstream [8] [9]. The benefit of recovering a useful P product 

makes struvite precipitation technology an attractive option as a component of sustainable P 

management. However, there is concern that the environmental costs associated with struvite 
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precipitation, specifically from construction of new infrastructure and the production of required 

chemical and energy, outweigh the benefits. 

 One way to comprehensively evaluate the environmental impacts of a wastewater 

treatment system is through life cycle assessment (LCA). LCA is a holistic method of analysis 

that quantifies the environmental impacts of a product, process, or system by tracking the 

material and energy flows from raw material extraction through manufacturing and use to the 

end of life [10]. The International Organization for Standardization (ISO) has established a 

standardized methodology for conducting LCAs that involves four main steps: the definition of a 

goal and scope, inventory analysis, impact assessment, and interpretation of result [10]. While 

LCA has been used to evaluate the environmental impacts of WWTPs [11], struvite precipitation 

is a fairly new nutrient recovery technology in wastewater treatment, and has only recently been 

investigated using LCA. This paper will review 13 different WWTP LCAs that focus on struvite 

recovery. 

2.2 Methods 

The aim of this paper is to assess the current state of knowledge with regards to environmental 

impacts of struvite recovery in wastewater treatment. This review will summarize and analyze 

published LCA literature focusing on comparing and evaluating aspects of each major LCA step 

including the functional units selected, inventory data collection, boundaries drawn, impact 

assessment methods used, and general results. Studies selected for evaluation in this paper were 

found using academic search engines such as Google Scholar and Scopus by searching 

combinations of key terms including: struvite, magnesium ammonium phosphate, MAP, life 

cycle assessment, LCA, wastewater, wastewater treatment, phosphorus recovery, and nutrient 

recovery. From these searches 13 LCA studies were selected for inclusion for their focus on 

struvite precipitation in wastewater for P recovery. Studies of struvite precipitation from 

independent streams outside of conventional wastewater treatment such as animal manure or 

food waste were not considered. Some studies were excluded for their focus on removal of 

pharmaceuticals and not nutrient recovery [12], or the use of economic input-output LCA 

method [13]. 

Of the evaluated literature sources there seem to be two distinct trends for struvite 

precipitation from wastewater; precipitation from wastewater within the context of a WWTP, 

and precipitation from a separated urine stream. Struvite recovery within a WWTP will be 



5 
 

 
 

reviewed in Section 3, and struvite precipitation from separated urine streams will be addressed 

separately in Section 4. An overview of important details from the articles selected for this 

review is provided in Table 1. Additionally, a summary of the struvite recovery scenarios and 

description of reference or baseline scenarios for each study is provided in Appendix A. 
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Table 1: List of LCA studies included in this review with a summary of LCA aspects addressed in this paper. 

Source 
USS* or 

WWTP† 
Location Data Collection Assessment Method 

Included 

fertilizer offsets 

Included 

Infrastructure 
Functional Unit 

[8
] 

WWTP Austria 

Ostara Pearl ®-full scale, 

PRISA - pilot plant, 

AirPrex ® - full scale, 

Gifhorn - full scale, 

Stuttgart - pilot plant, 

PHOXNAN - pilot plant 

CML 2001  Yes No 
1 kg of recovered P, and 1 population 

equivalent and year 

[1
4

] 

WWTP Australia literature 

ReCiPe H‡ midpoint 

(with some 

modifications) 

 

CML for mineral 

resource depletion 

Yes Yes 
the recovery of 1 kg of plant available 

P able to offset synthetic fertilizer 

[1
5

] 

WWTP Sweden literature ReCiPe  Yes Yes 
management of 1 capita yearly load of 

FW, blackwater, and greywater 

[1
6

] 

WWTP Sweden 

literature, statistics, and 

personal communication 

with plant operators 

GWP as CO₂ eq 

(GWP100) 

Eutrophication by P 

Primary energy 

Cadmium to soil 

Yes No 11 kg pure P to agricultural land 

[1
7

] 

WWTP Sweden pilot plant CML 2001 Yes No 1 kg recycled plant available P 

                                                           
* USS = struvite recovery from a separated urine stream 
† WWTP = struvite recovery within a WWTP  
‡ H = hierarchist perspective 
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[9
] 

WWTP 

Germany 

(representative 

of Western 

Europe) 

Airprex ® - full scale, 

Ostara Pearl ®-full scale, 

Struvia - large pilot, 

Gifhorn - full scale, 

Stutttgart - large pilot 

ReCiPe  

(midpoint H) 

USEtox 

CED§ of fossil and of 

nuclear fuels  

Yes Yes 

per kg of recovered P product 

 

per annual operation of a sludge line 

for 1 million population equivalent 

WWTP 

[1
8

] 

WWTP 
European 

(Italy) 
pilot plant CML Yes No 

the reduction of eutrophication 

potential (per 1 kg PO4
3− eq removed) 

[1
9

] 

USS 
Western 

Europe 
literature 

ReCiPe 2008 (endpoint 

H, A** and midpoint H) 
Yes Yes 1 m³, of raw wastewater to be treated 

[2
0

] 

USS Netherlands 
literature and model 

calculations 

ReCiPe (midpoint H, 

and A) 
Yes Yes the treatment of 1 m³ of wastewater 

[2
1

] 

USS 

United States 

(University of 

Florida) 

literature and calculations TRACI Yes Yes 
the conveyance, storage, and nutrient 

management of 1,920 m³ of urine 

[2
2

] 

USS Europe literature CML 2000 No Yes 
kg per m³ of wastewater discharged 

from a building 

[2
3

] 

USS 

Germany 

(representative 

of Western 

Europe) 

mix of literature, pilot 

studies, and database 

information 

CML No Yes 

The performance of the following 

services for one person for one year:  

removal and disposal of human 

urine/feces from households, drainage 

and treatment of wastewater w/ 

greywater, and disposal of solid bio-

waste resulting from 

kitchen/garden/municipal greens 

[2
4

] 

USS 
Quebec 

(Canada) 
literature IMPACT 2002+ Yes Yes 

to ensure wastewater and organic 

kitchen refuse collection and treatment 

and by-product 

(digestate/sludge/biogas) recycling for 

one inhabitant for one year 

 
                                                           
§ CED = cumulative energy demand 
** A = average perspective 
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2.3 Struvite Precipitation Scenarios 

This section focuses on struvite precipitation within a WWTP, and Figure 1 illustrates the 

general layout of a WWTP showing locations where struvite precipitation technology might be 

implemented.  Seven of the struvite LCAs considered in this review fall in this category.   Most 

struvite recovery scenarios occur in plants that do enhanced biological nutrient recovery with 

anaerobic digestion for biogas production creating a high P in the digester effluent stream which 

is ultimately returned to the head of the plant.  As shown in Figure 1, most struvite recovery 

systems choose to capitalize on this concentrated stream.  

 

 

Figure 1: A general layout of struvite precipitation in a WWTP. Dotted lines show possible 

locations for struvite technology within the treatment scheme. 
 

All of the studies that considered struvite precipitation within a WWTP were based in Europe 

except one which considered struvite recovery in Australia. The majority of phosphate rock 

reserves in Europe are thought to exist in Finland, but as a region in general Europe does not 

have a substantial quantity of P deposits [25]. Additionally, in 2014 the European Union listed 

phosphate rock as a critical raw material [26]. While there are a variety of policies and 

regulations with regards to wastewater P and P recovery across Europe, countries like Sweden 

have implemented strict regulations on the spreading of sewage sludge [16] and phosphorus 



9 
 

 

recovery targets [5], with other countries following their lead. These conditions have drawn 

added attention to research of P recovery technologies, and resulted in the European Commission 

funded P-REX program which focuses on researching P recovery in wastewater treatment [27]. 

The relatively high proportion of LCA studies on struvite recovery relevant to Europe is 

anticipated to be a function of the increased nutrient scrutiny in Europe as compared to other 

parts of the world.  

A major factor of the reliability of LCA results is the accuracy and dependability of the 

inventory data. If the information and assumptions an assessment is based off of do not represent 

the actual state of the system, then the results obtained cannot be trusted as being representative 

of the system. The LCA studies considered here built their inventories from three main types of 

sources; using data from full scale operations, from pilot plants, or from literature. Ideally an 

LCA would be conducted using information and data from a full scale system operating under 

the exact conditions considered in the study. However, with new technologies the variety of 

operations and available data is limited which makes collecting all of the necessary information 

challenging. Additionally, with novel wastewater treatment technologies finding a system that is 

similar to what is being assessed can be very difficult since many times these systems have not 

been built at full scale yet. There are a number of different struvite recovery systems operating in 

full scale around the world [28]; however, only two of the LCA studies use inventory data 

collected from full scale plants. Amann et al. [8], and Remy et al. [9] both investigate a variety of 

existing P recovery technologies, and were able to build the inventory for several of the 

technologies from full scale operations data. However, Remy et al. [9] also made some estimates 

for parameters such as the infrastructure based on literature and based some of the data for 

certain operations on pilot plants. Both Némethy [17] and Rodriguez-Garcia et al. [18] used pilot 

plant data to build their inventories. For this review, pilot plant operations are considered to be 

smaller scale versions of wastewater treatment technology operated, and while pilot plants can be 

good models of wastewater treatment technology their operation is not always consistent with 

how the technology will function at full scale. Thinking about economies of scale, there are often 

changes in efficiency thus scaling a pilot operation up to full scale could significantly impact the 

environmental performance of a system. The remaining studies, [15] [19] and [16], each built 

their inventories based on information from literature. Essentially they rely on reported operation 

performance data collected typically from a number of different sources to calculate the inputs 



10 
 

 

and outputs for a theoretical system. While the information from these sources may be accurate, 

transferring the assumptions to other conditions increases uncertainty. 

The LCA studies evaluated in this section consider a variety of struvite precipitation systems. 

Two studies, Amann et al. [8] and Remy et al. [9], consider a combined total of six different 

struvite precipitation systems that are in operation either at full scale or pilot level. The 

technologies include Ostara Pearl ®, PRISA, AirPrex ®, Gifhorn, Stuttgart, PHOXNAN, and 

Struvia. Ostara Pearl ®, PRISA, AirPrex ®, and Struvia all precipitate struvite from a liquid 

stream after anaerobic digestion, whereas Gifhorn, Stuttgart, and PHOXNAN all recover struvite 

from sludge using wet chemical extraction or wet oxidation. Bradford-Hartke et al. [14] looked 

at two different struvite precipitation schemes: struvite precipitation on the biosolids dewatering 

stream of a plant with biological nutrient removal, and recovery on the reverse osmosis brine 

stream of a plant with biological nutrient removal and added microfiltration and reverse osmosis 

(to provide high quality water for industry).  Linderholm et al. [16], Némethy [17], and 

Rodriguez-Garcia [18] all considered struvite precipitation on the dewatering stream after 

anaerobic digestion in plants that do biological nutrient removal. The scenario considered in 

Kjerstadius et al. [15] is the most involved deviating greatly from conventional wastewater 

treatment schemes. Blackwater, greywater, and food waste are each collected separately and 

transported to a wastewater treatment plant where the blackwater and food waste are 

immediately digested, and the greywater is treated separately in an activated sludge process. 

Struvite precipitation followed by ammonia stripping happens on the blackwater and food waste 

digester effluent stream, and sludge from the activated sludge process is digested separately. 

While the specific nutrient recovery scheme certainly plays a part in influencing the results, 

the boundaries of an LCA can also play an important role. When considering struvite recovery 

systems a key factor is how to account for the value of struvite as a product that can replace 

conventional fertilizers. The most common way to attribute value to the recovered struvite is to 

equate it to an amount of conventional fertilizer based on nutrient content and use that as an 

offset, meaning that the environmental impacts associated with the production of conventional 

fertilizer are subtracted from the total environmental impacts. Leaving this aspect out neglects 

one of the major benefits of struvite recovery systems and as a consequence the end results of the 

LCA become skewed to the disadvantages of the technology. All of the studies here incorporate 

some type of fertilizer production offset or a sludge or nutrient management credit. However, the 
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specific choice of offset varied from study to study with some taking into account both P and N 

fertilizer substitution [9] [8] [17] , some including just P fertilizers [14], one considering only N 

fertilizer substitution [16], and others incorporating a general sludge and nutrient management 

credit [15] [18].   

The inclusion of infrastructure is another area in these assessments where significant 

differences exist. Almost half of the studies included infrastructure in the bounds of their 

analysis, and half did not. Study Remy et al. [9] stated that infrastructure typically does not have 

a great impact on LCA results in assessments of water or sludge treatments due to its relatively 

small cost in comparison to annual operation. Of those studies that did not choose to include 

infrastructure, Linderholm et al. [16] cited the impact of infrastructure investments as being 

relatively small compared to impacts from plant operation [29] as a reason for exclusion. The 

other studies chose not to include infrastructure due to a lack of data [8] [18], or chose to focus 

on operation only [17]. All of the studies that did consider infrastructure, [15] [14] and [9], 

estimated values or based the infrastructure inputs on information from literature which is likely 

due to difficulty finding or obtaining specific records of construction and installation. 

When considering infrastructure in an LCA it is important to look at the lifetime of the 

equipment in comparison to the time span of the assessment. However, the specific assumed 

lifetimes of equipment were not always directly reported in the three studies that included 

infrastructure. Bradford-Hartke et al. [14] assumed a 50 year lifetime for the struvite recovery 

building, 25 years for the reactor itself, and considered a 50 year analysis period. Remy et al. [9] 

was more vague and only reported a 25 year lifespan for concrete or reinforced steel and 15 for 

stainless steel materials and looked the operation over 1 year. The third study considering 

infrastructure, [15], was even more unclear and stated that the analysis period was 50 years to 

match the longest lifetime for a piece of equipment, but did not specifically give lifespans for 

individual aspects of the infrastructure. This is an area of discrepancy that needs to be cleared up 

in future research. 

The results of an LCA are given in terms of a functional unit, and determining a functional 

unit can have significant impacts on the assessment results in terms of both values and overall 

trends [11]. All but one of the LCA studies examined in this section utilized a functional unit in 

terms of an amount of P or phosphate (PO4
3−). Though each study specifies the amount a little 

differently; 1 kg of plant available P able to offset synthetic fertilizer [8], 1 kg recycled plant 
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available P [17] [14], or 11 kg of pure P to agricultural land [16], the overall trend is the same in 

terms of P removed or recovered. This category of functional units puts the results in perspective 

of the “costs” of recovering P which matches the overall goal of nutrient recovery technology. 

One study, [9], chose to use two different functional units; 1 kg of recovered P product, and 

annual operation of a sludge line for 1 a million population equivalent WWTP. The benefit of 

using more than one functional unit is that the system can be weighted from different points of 

view, it gives a product perspective and a WWTP system perspective. Using multiple functional 

units also provides more opportunities for comparison to other studies. For example, it is 

common in LCAs of wastewater treatment to select a functional unit in terms of some volume of 

treated waste [30]. Thus, selecting both the “product perspective” and “system perspective” 

functional units allows the results of the study to easily be compared to other more general 

WWTP LCAs as well as studies like the other struvite precipitation LCAs discussed in this 

paper. The only study in this section that did not use a functional unit in terms of an amount of P 

was Kjerstadius et al. [15]. The functional chosen for that study was the management of 1 capital 

load of food waste, blackwater, and greywater per year, so it instead followed the trend of other 

more conventional wastewater treatment LCA studies. 

Two different assessment methods, CML or ReCiPe, were utilized in all of the LCA studies 

except Linderholm et al. [16] which independently looked at the global warming potential 

(GWP) as CO2 eq. in accordance with the IPCC (International Panel on Climate Change) 1995, 

eutrophication potential from the release of phosphorus to waters, and cadmium added to soil as 

an indicator of cadmium contamination in food grown. CML is considered to be globally 

friendly in its calculation methods whereas ReCiPe is modeled specifically for European 

conditions [31]. The geographical locations of the assessments therefore match the two 

assessment methods employed. Another consideration with impact assessment methods is 

whether they give a midpoint or endpoint characterization. Characterization factors are based on 

environmental mechanisms (such as eutrophication, land use, or photochemical ozone formation) 

and connect human interferences to areas of environmental protection, and at the end of the 

environmental mechanism is the endpoint [32]. The midpoint is therefore an indicator that lies at 

a point about halfway along the environmental mechanism. Midpoint characterization has a 

strong connection to environmental flows with low uncertainty whereas endpoint 

characterization provides more information about the environmental relevance but has greater 
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uncertainty [33].  CML is a midpoint method and ReCiPe does both midpoint and endpoint 

characterization [34]; however, in the studies considered here only the midpoint method was 

used.  

Among the studies, however, a variety of different impact categories were considered. Some 

of the more commonly investigated categories include: climate change or global warming 

potential (GWP), eutrophication potential (EP), and cumulative energy demand (CED) or a 

category considering energy or electricity use. The results for these categories were also varied 

with some studies showing a net cost (positive values, an increase in the environmental impact), 

and others showing a net benefit (negative values, a decrease in the environmental impact) which 

could be due to differences in any of the aforementioned areas.  

Climate change and GWP are calculated the same way regardless of impact assessment 

method [31], so from this point on climate changes or GWP categories will be referred to only as 

GWP. Amann et al. [8] and Remy et al. [9] saw similar results for the same technologies they 

investigated. Struvite precipitation systems that operated on the liquid stream, Ostara Pearl ®, 

AirPrex ®, PRISA, and Struvia, all saw at least a slight reduction in GWP from the reference 

scenario in both studies, and the technologies recovering struvite from sewage sludge through 

wet chemical extraction or oxidation, Gifhorn, Stuttgart, and PHOXNAN, showed an increase 

from the reference. For the liquid phase technologies reduction in GWP was due to low energy 

and resource demand which was then offset by energy credits, or the recovery of P and N 

fertilizer offsets. The increase in GWP from the sludge phase technologies was due largely in 

part to chemical production with some additional impact from energy demand [8] [9]. Analyzing 

the other studies, Rodriguez-Garcia et al. [18] and Némethy [17] found struvite precipitation 

scenarios to have poorer GWP performance in comparison to their respective reference 

scenarios, and highlighted energy demand as being the main contributor with chemical or 

resource production being secondary. Both Rodriguez-Garcia et al. [18] and Némethy [17] used 

the CML and both collected their inventory data from pilot plant operations, whereas Amann et 

al. [8] and Remy et al. [9] respectively used CML and ReCiPe with similar data collections 

sources. Since the GWP impact category is standard throughout impact assessment methods it is 

evident that the difference in impact assessment method between Amann et al. [8] and Remy et 

al. [9] did not affect the overall results for this category since there was similarity in the 

inventory sources and inputs. Butusov and Jernelöv [2] found that GWP increased somewhat 
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with struvite precipitation and stated that the greatest factor is from the power and chemicals 

used which is consistent with the previously discussed studies. However, the study does not 

specify which (power or chemicals) contributes more. Of the remaining two studies, Kjerstadius 

et al. [15] found struvite precipitation to decrease GWP, and Linderholm et al. [16] to increase it; 

however, neither study discussed whether or not energy or chemical production was a main 

contributor to the impact. 

While struvite precipitation does not specifically focus on reducing nutrient 

concentrations in WWTP effluent, the struvite that is recovered and used as fertilizer contributes 

to nutrient loading in the environment and therefore has an impact on eutrophication. Several of 

the LCA studies showed reduction in EP. Remy et al. [9] found all struvite technologies 

investigated to have a slight net decrease in EP. Bradford-Hartke et al. [14] found marine EP to 

be reduced, but saw no change in freshwater EP for both struvite scenarios. Némethy [17] also 

saw a net offset in EP from struvite precipitation, but when compared to the reference scenario 

struvite precipitation did not perform as well. A positive EP is also shown for struvite 

precipitation in Rodriguez-Garcia et al. [18], however there was no reference scenario evaluated, 

therefore it is a little unclear exactly how these results stack up to conventional treatment 

schemes. The other three studies, [8], [15], and [16], do not consider EP in the scope of their 

analyses.  

Breaking down EP into specific contributors, Rodriguez-Garcia et al. [18] found the 

WWTP effluent to be the greatest eutrophication potential contributor which is the same area of 

concern for wastewater treatment in general. Policies, especially in the United States, focus on 

reducing nutrient concentrations in WWTP effluent [35]. The ReCiPe impact assessment method 

looks at marine eutrophication and freshwater eutrophication separately, and considers N to be 

the limiting nutrient in marine systems and P to be limiting in freshwater systems [26]. Bradford-

Hartke et al. [14], which used the ReCiPe method, found that the decrease in marine EP is 

specifically due to a decrease in N eq in the WWTP effluent, but does not specify any further. 

For freshwater eutrophication in the study, it is stated that there is an impact from reduced P in 

WWTP effluent, but the impact from using the recovered struvite ends up equaling the offsets 

from avoided fertilizer resulting in a net zero impact. Struvite precipitation systems that are 

installed after anaerobic digestion are known to decrease the P and N load of the liquid stream 

recycled back to the head of the plant [8] [9], which can alleviate some of the treatment 
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requirements such as aeration or chemicals downstream in the treatment process. The results of 

Remy et al. [9] show the reduction in EP as being a result of the decreased treatment 

requirements in the return load and the substitution of mineral fertilizers. The Némethy [17] 

study also shows that fertilizer offsets are the greatest factors in the eutrophication potential of 

struvite recovery, but it does not specifically consider the impact from reduced N and P 

concentrations in the return stream.   

Energy or power use is an important aspect to consider with struvite technology due to the 

demands of large reactors, as well as the production of background materials like chemicals. 

Three of the LCA studies considered CED or electricity use impacts. Struvite precipitation was 

found to use more electricity than the reference scenario in the Némethy [17] study, and more 

than recovery of sewage sludge in Linderholm et al. [16]. Amann et al. [8] and Remy et al. [9] 

also found that sewage sludge phase technologies Gifhorn, Stuttgart, and PHOXNAN to have 

greater CED than the reference scenario from increased energy and resource demands. However, 

the liquid phase technologies, Ostara Pearl ®, PRISA, AirPrex ®, and Struvia, show reduced 

CED from the offset of conventional fertilizer products and energy credits from the anaerobic 

digestion included in the scenarios [8] [9]. Increased energy use is considered to be one of the 

biggest concerns with struvite recovery technologies, and, as mentioned earlier, it has significant 

effects in other environmental impact categories such as GWP. An aspect of consideration that 

ties CED to other impact categories that Linderholm et al. [16] brings up is how the impact of 

different energy sources or a different mix of sources can play a large role in overall impacts. For 

example, Sweden uses very little coal-fired electricity which means that their greenhouse gas 

emissions or GWP would be considerably lower than if the system was at a plant operating the 

same way in the United States [16].   

2.4 Source Separation Scenarios 

The other six LCA studies considered in this review investigate source separation techniques for 

struvite precipitation. Source separation, in this case, refers to separating the urine wastewater 

stream from other wastewater streams. Urine makes up less than 1% of total influent wastewater, 

but it is responsible for over 50% of the P load and 80% of the N [36]. The proportion of urine to 

the overall influent wastewater volume compared with its contribution to the nutrient load 

suggests that current wastewater practices treat an unnecessarily large volume of wastewater. 

The separation of urine streams would result in high concentrations of P and N for recovery, 
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lower volumes of water to treat, and potentially simplified centralized wastewater treatment 

systems. A very general layout of struvite precipitation in a source separation system is shown in 

Figure 2.   

 

Figure 2: The general layout of struvite precipitation using source separations from the 

considered LCA studies.  The red boxes represent end products. 
 

Among the studies considering struvite precipitation from separated streams there is 

slightly more variation in the geographical locations than with studies focusing on recovery 

within a WWTP. Four of the studies focused on Europe or some region within Europe [19] [22] 

[22] [23]. One of the studies considered specifically a college campus in the United States [21], 

and the remaining study focused on Canada [24]. As discussed earlier, European countries are 

considered to be on the forefront of nutrient recovery with regards to research and policy. 

Struvite precipitation from urine streams is not widely practiced due to the significant 

infrastructure requirements such as construction of new pipe networks, and additional treatment 

facilities or modification of existing facilities. 

All of the source separation LCA studies used literature or made calculations based on 

literature in some capacity to build their inventories. One study did collect some information 

from a pilot plant operation [23], but none of the studies used data from a full scale operation.  

Struvite precipitation from separated urine streams is not widely practiced largely due to the 

issue of infrastructure replacement. The replacement of established wastewater infrastructure 

such as pipes, and toilets on a large scale is a massive challenge standing in the way of full scale 

adoption [37]. While it is acceptable to base inventory inputs off of data from pilot plants and 

utilize established literature for LCA, as discussed earlier, there is increased uncertainty 

associated with the results of these studies. 



17 
 

 

There was again a wide variety in the different struvite scenarios investigated. One trend 

amongst the studies, however, was that in addition to P recovery an additional scenario of 

struvite recovery with enhanced N removal or recovery was considered. Bisinella de Faria et al. 

[19] looked at urine separated struvite precipitation with conventional activated sludge and 

anaerobic digestion WWTP scheme, and scenarios with enhanced primary clarification instead of 

the activated sludge process and digestion. Two of the scenarios considered advanced N recovery 

or removal via the use of N rich effluent from treatment for agricultural purposes, and 

nitrification/deammonification of the urine stream effluent respectively. Ishii et al. [21] 

considered installing urine diverting toilets into residence halls at a University of Florida campus 

for struvite precipitation. One scenario looked at just adding magnesium oxide (MgO) as a 

magnesium source for struvite precipitation, and the addition of trisodium phosphate (Na3PO4) 

as well as MgO was considered in a second scenario to increase N recovery. The focus of Mbaya 

et al. [22] was using different types of flush water in urine separation systems for struvite 

precipitation. Two scenarios considered using freshwater, and two considered using seawater to 

reduce or eliminate the need for Mg chemical additions [38]. Furthermore, urine nitritation for N 

removal was considered in addition to struvite precipitation in two of the studies (one freshwater 

and one seawater scenario). Thibodeau et al. [24] studied a scenario of P recovery through 

struvite precipitation and N elimination using the nitritation-anammox process. A novel two-

stage process called ValuefromUrine (VFU) was assessed in Igos et al. [20] which consists of 

struvite precipitation for P recovery followed by a microbial electrolysis cell (MEC) and 

transmembrane chemisorption with sulfuric acid to recover N as ammonium sulphate. Finally, 

Remy et al. [23] considered two struvite scenarios; struvite precipitation plus ion exchange for N 

recovery, and struvite precipitation plus steam stripping for N recovery. However, while other 

studies considered struvite recovery as an integrated part of the wastewater treatment scheme, 

Remy et al. [23] considered struvite precipitation independently as a unit process separate from 

wastewater collection and other treatment processes. 

While there are a wide range of struvite recovery scenarios considered between the 

studies there is a distinct trend in the functional units of the studies. The focus was on an amount 

of waste treated which is a functional unit commonly in wastewater treatment LCAs as discussed 

earlier. Bisinella de Faria et al. [19] and Igos et al. [20] both selected 1m³ of wastewater to be 

treated, Ishii et al. [21] chose the conveyance storage and nutrient management of 1,920 m³ of 
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urine, and Mbaya et al. [22] used kg per m³ of wastewater discharge from a building. For the 

other two studies; Remy et al. [23] used the performance of several different waste services for a 

year, and Thibodeau [24] chose to ensure wastewater and organic kitchen refuse collection, 

treatment, and by-product recycling for one year for one inhabitant. The results of these studies 

therefore show the impacts relative to the desired amount of waste treated whereas the functional 

units used in the studies discussed earlier put the impacts on an amount of P recovered. 

Earlier the importance of where boundaries are drawn was discussed, specifically how to 

account for the value of the recovered struvite as an alternative fertilizer and whether or not 

infrastructure was included. Not all of the source separation studies incorporated an offset of 

fertilizer or nutrients in their assessment. Two studies, Mbaya et al. [22] and Remy et al. [23], 

left out nutrient offsets likely due to a focus on the treatment process themselves, and not 

specifically on the recovery of P; Mbaya et al. [22] focused more on the implementation of 

source separation in buildings, and Remy et al. [23] only considered struvite precipitation as 

separate unit treatment processes. The studies that did include a credit for the struvite recovered 

accounted for the production of both N and P fertilizers, or nutrients [19] [20] [21] [24]. The 

other main aspect of LCA boundaries considered here is the inclusion or exclusion of 

infrastructure. All of the studies considered in this section include at least some aspect of 

infrastructure in their analysis. Source separation systems are more involved in construction than 

just incorporating a struvite system into an existing WWTP. Separation begins at a house or 

building level where urine diverting toilets would need to be installed, and then an additional 

pipe network would need to be constructed along with treatment equipment, tanks, and buildings. 

It is likely that the authors chose to include infrastructure in these cases due to the enormity of 

the changes from conventional treatment and the potential impacts it could hold. While all of the 

studies included some aspect of infrastructure in their assessment, not all of the studies 

incorporated the construction of one of the largest infrastructure requirements for source 

separation systems, the pipe networks [19] [20]. 

Like with the struvite systems implemented within WWTPs, there is some ambiguity 

with the assumed lifespan assumed for infrastructure in the source separation systems. Part of the 

discrepancy amongst the studies is that each study included a different set of infrastructure 

aspects in their assessment. There is relative agreement in a few areas; Bisinella de Faria et al. 

[19] and Igos et al. [20] both assumed a 30 year plant lifetime and two of the used between 40 



19 
 

 

and 50 years for the lifespan of pipes Remy et al. [23] and Ishii et al. [21], but the other studies 

do not explicitly provide values for these parts. Looking at other reported lifespans there is also 

ambiguity in the terminology used and what it encompasses. Buildings, tanks, and basins are 

assumed to have a 40 year lifetime in Remy et al. [23]. In Mbaya et al. [22], however, an average 

60 year lifetime for buildings is used, but it assumed that this refers to the residential and office 

buildings and not the buildings housing treatment equipment as in Remy et al. [23]. Thibodeu et 

al. [24] estimates a 15 year equipment life, but Remy et al. [23] assumes 12.5 years for 

machinery. The lack of clarity makes comparison very difficult in this area.   

There was more variety in the impact assessment methods used between the source 

separation studies than with the studies considered in Section 3. Two studies used CML [22] 

[23], two used ReCiPe [19] [20], one used TRACI [21], and the last one used IMPACT 2002+ 

[24]. The Ishii et al. [21] study is based on a specific university in the United States, thus 

choosing to use TRACI, a method developed by the US EPA specifically for US conditions [31], 

matched well.  The European studies also chose to use methods that are considered to have either 

a focus on European conditions or global applicability. All of the studies used midpoint methods, 

but Bisinella de Faria et al. [19] also used the ReCiPe endpoint method. 

 Amongst the studies there is a mix of results in the GWP category. Three studies, [19], 

[20] and [21], found at least some of the struvite precipitation systems to have a lower GWP than 

the reference system. The scenario in Ishii et al. [21] that considered maximizing only P recovery 

with struvite precipitation had a significantly lower GWP impact than the reference option, and 

all of the source separation scenarios in Bisinella de Faria et al. [19] and Igos et al. [20] had at 

least slightly a lower GWP than the respective reference scenario. The other scenario in Ishii et 

al. [21] which looked at maximizing both P and N recovery through struvite precipitation 

showed that GWP actually increased from the reference scenario. The main change between the 

two scenarios in Ishii et al. [21] was the addition of Na3PO4 which significantly increased the 

GWP likely from the energy requirements from chemical production. When breaking the GWP 

impact down for each of the studies in Ishii et al. [21], the GWP for the scenario maximizing 

only P recovery was largely due to electricity and then the production or construction of various 

pieces of infrastructure. The GWP for the scenario maximizing both P and N recovery, on the 

other hand, was almost completely dominated by the production of Na3PO4 and MgO chemicals. 

Mbaya et al. [22] found all scenarios to have a net positive GWP impact, and while a reference 
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scenario was not specifically evaluated the results were said to be relatively insignificant as 

compared to the GWP emissions of conventional buildings in Sweden. Additionally, all 

scenarios in Mbaya et al. [22] showed that the production of infrastructure had the greatest 

contribution to GWP. The other two studies, [23] and [24], both showed a net increase in GWP 

as compared to urine storage or the reference system respectively, but neither specifically broke 

the impact category down to explore the impacts from different input components.   

 EP was only evaluated in four of the studies, [19] [20] [21] [24]. Both marine EP and 

freshwater EP were lower for the struvite recovery scenarios in Bisinella de Faria et al. [19] and 

Igos et al. [20]. EP (in both marine and freshwater categories and for all the scenarios) is due 

mostly to direct emissions and sludge, though there are some significant offsets from avoided 

fertilizers for freshwater EP. The comparison of EP for the scenarios in Ishii et al. [21] is the 

same as for GWP with maximizing P and N recovery having the highest impact, maximizing 

only P recovery having the lowest impact, and the baseline scenario falling in the middle. The 

impact profile for EP of the scenario for P recovery maximization was very similar to the 

reference scenario with nutrient discharge dominating, and while nutrient discharge still played a 

large role in the EP for N and P recovery maximization there was also a significant impact from 

added Na3PO4. Eutrophication was not specifically explored or discussed in Thibodeau et al. 

[24], but the supplementary information showed that the aquatic EP of the struvite precipitation 

scenario was comparable to the reference scenario. 

 Evaluation of energy in these source separation studies is quite varied, and not as straight 

forward as with the studies discussed earlier. Bisinella de Faria et al. [19] is the only study that 

really considers life cycle energy consumption. Among all of the scenarios in Bisinella de Faria 

et al. [19] the production of filter bags used during operation of the source separation system 

required the most energy, but a close second was a combination of infrastructure aspects. 

Electricity usage was included in the supplementary information for Igos et al. [20], and it 

showed a slight decrease from the reference system for both scenarios considered. Remy et al. 

[23] does consider energy demand for nitrogen recycling, but the study only considers the 

struvite treatment options as unit processes and not in the context of a full treatment system. 

Struvite precipitation with ion exchange for N recovery was found to have less of an energy 

demand than conventional denitrification and fertilizer production, but struvite precipitation with 

steam stripping for N recovery had a higher energy demand [23]. Additionally, Remy et al. [23] 
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considered CED of fossil fuels which showed struvite plus ion exchange to have a lower impact 

than with steam stripping due largely to the steam that is required for the former. 

2.5 Discussion and Conclusion 

There are a wide variety of factors that can ultimately impact the results of an LCA including, 

but certainly not limited to, the inventory data quality, sources, and match to investigated 

scenario, the functional unit, and the boundaries of the analysis. It would be ideal to have 

inventory data directly from a full-scale operation that is an exact match for system being 

analyzed; however, since struvite recovery is a newer technology it is unlikely that there would 

be an exact match, even in a pilot plant, unless a specific case study was being done. Using pilot 

plant data and information from literature is therefore necessary in most cases, but creates more 

uncertainty in the results. Additional care should be taken in selecting literature references and 

sources of information when literature is the primary source for inventory data. Since there are 

currently a handful of struvite precipitation systems operating at full scale in WWTPs it would 

be beneficial for future LCA studies to utilize information from these systems when making 

assumptions and calculations in their assessments.   

Before collecting the information to build the inventory a system needs to be selected and 

the boundaries of the analysis drawn. When assessing nutrient recovery systems an important 

task is drawing the boundaries in a way that encompasses both the costs and benefits the system 

which can be difficult. In struvite precipitation, one of the major environmental benefits is that 

the struvite recovered can be used as an alternative for conventional fertilizer, so including an 

offset of fertilizer that is equivalent in terms of the amount of nutrients is crucial. Not accounting 

for the value of the recovered struvite neglects a major benefit, and as a consequence would 

produce results skewed to the negatives of the system. 

  Whether or not to included infrastructure and its construction, at least of foreground 

processes, is an area of disagreement for struvite system boundaries. The two main types of 

struvite precipitation systems considered here have drastically different needs with regards to the 

creation and replacement of infrastructure. Source separation systems have considerably greater 

infrastructure requirements than incorporating struvite recovery into a WWTP. This is one of the 

main reasons why struvite recovery systems have been implemented in WWTPs at full scale, but 

source separation systems have not been widely implemented. Since infrastructure for source 

separation systems is so great encompass that within the assessment boundaries is necessary. On 
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the other hand, it has been cited that the operation phase of WWTPs has greater environmental 

impacts than the infrastructure itself due to the long lifetime of the plant [29], so for that reason it 

is not as critical that infrastructure be included in the assessment of a WWTP struvite system.   

 The main purpose of a WWTP is to treat influent wastewater; therefore a common 

functional unit used in LCAs of wastewater systems is a volume of treated waste. Several of the 

studies considered here utilized a functional unit in that category, but a functional unit in terms 

of P removed or recovered was also popular specifically amongst the struvite recovery scenarios 

within a WWTP. These functional units focus on the goal of struvite precipitation to recover or 

remove P from some waste stream. While recovery may not specifically decrease the P 

concentration in WWTP effluent it can reduce the overall P load in the plant especially on 

internal recycle streams. One study, Remy et al. [9], utilized two functional units in its 

assessment, per kg of recovered P product, and per annual operation of a sludge line for a 1 

million population equivalent WWTP. In utilizing more than one functional unit a greater 

understanding of the system can be reached since it is being considered from different 

perspectives. Additionally, the number of studies the results can easily be compared to increases. 

With struvite precipitation it is both a wastewater treatment process and a nutrient recovery 

system, so incorporating functional units that complement these objectives is recommended in 

future studies.   

Impact assessment methods vary in the midpoint and endpoint categories that are 

considered, but also in the underlying calculations and assumptions. Different methods may 

focus on conditions specific to a certain country or region, or they could be considered to be 

general enough to be representative of global conditions. When choosing an impact assessment 

method it is crucial that the geographical location of the system considered matches the focus of 

the impact assessment method. Another consideration when selecting a method is the specific 

impact categories included in each method. There are many different options for impact 

categories, but there are several that would be recommended to include in the study of a struvite 

recovery system including GWP, CED, EP, ecotoxicity potential, and human toxicity potential.  

GWP and CED a good categories to consider regardless of what is being studied as they are a 

little more easily understood and are relevant to some popular environmental issues. Although 

the purpose of struvite recovery is not to specifically reduce eutrophication, as mentioned earlier, 

it is an important area of focus in wastewater treatment research. Ultimately the P and N 
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recovered as struvite and used as fertilizer plays a role in nutrient loading in the environment and 

therefore eutrophication which makes in important to consider. Two additional categories that 

could be beneficial to include in an assessment are ecotoxicity and human toxicity. Ecotoxicity 

refers to the effect of chemicals on nonhuman living organisms and human toxicity encompasses 

effects on humans [39]. Human toxicity has a direct impact on human health, but ecotoxicity also 

impacts human health since it impacts the environments we interact with and use for things like 

agriculture. Inclusion of these categories would provide beneficial information on a more direct 

impact a technology has on living organisms. Different impact categories are calculated 

differently with a specific method, but there are also differences in the calculations underlying 

the same impact category in different methods. Being aware of the differences in background 

calculations that are involved in determining the impact for different impact categories can help 

in selecting the most appropriate impact assessment method. 

 Of the studies evaluated Remy et al. [9] likely gave the most reliable results. The 

inventory was built using data and information from existing full scale and pilot operations, 

fertilizer offsets and new infrastructure were included, and a range of different impact categories 

were considered. With most of the other studies there was at least one area of concern with 

regards to the inventory, boundaries, impact assessment, or comparability of functional unit that 

creates more uncertainty in the results of the assessment. Struvite precipitation for P recovery is a 

promising technology, and, based on the results of the studies considered in this review, it is 

likely that the environmental impacts are comparable to or better than that of a conventional 

WWTP depending on the specific system. However, the results highlight three main areas that 

create the greatest environmental impact; energy usage, chemical requirements, and 

infrastructure in source separated systems. Going forward, an emphasis in research should be put 

on how to reduce the demands in these areas or meet the needs in a less impactful way. 

Improvements to struvite recovery technology in these areas could also reduce economic costs 

making it a more appealing option overall, and therefore making it more likely that these P 

recovery systems will be implemented. 

Based on the analysis in this paper there is need for further study of the environmental 

impact of struvite recovery in wastewater treatment. There is a lack of LCA studies outside of 

Europe, but as there are currently full scale struvite recovery operations in locations outside of 

Europe [40] it should be a focus in future research to understand the environmental impact in 
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different conditions. Additionally there is need for more assessment of full scale operations. 

While both Amann et al. [8] and Remy et al. [9] assess multiple full scale recovery operations, a 

case study of a single struvite recovery system would be beneficial as it would allow for more a 

more focused and detailed assessment which could provide information that was previously 

overlooked in the larger comparison studies. 

Looking at specifically how the LCA studies were conducted there has been a significant 

amount of variability with respect to boundaries. Including an offset of conventional fertilizer 

products should be a component of all future struvite recovery LCA studies, but a consensus 

needs to be reached on specifically how much P and N fertilizer is equivalent to an amount 

struvite. With regards to the inclusion of infrastructure there also needs to be more transparency 

and consistency with regards to what is included and the specific lifetimes. It would be beneficial 

to conduct an LCA study specifically looking at the impact of infrastructure investments in 

comparison to the lifetime operation of the plant. This would show how significant the impact is 

relative to the system benefits and operational costs. A sensitivity analysis of how often 

infrastructure is actually replaced could also give environmental impact results that reflect actual 

practice versus suggested replacement times as it is often the case that public infrastructure is 

used longer than the assumed lifetime. Overall struvite recovery in wastewater treatment 

provides a unique opportunity to recover P, but further research is necessary to fully understand 

the environmental impacts attributed to these systems. 
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Chapter 3: Environmental Impacts of Phosphorus Recovery in Wastewater Treatment 

 

3.1  Introduction 

The removal of phosphorus (P) and nitrogen (N) from wastewater is a critical area of focus in 

wastewater treatment due to their potential to cause eutrophication in receiving water bodies. 

However, both nutrients play a key role in supporting life as they are building blocks for DNA, 

RNA, and energy production (ATP) [3] [2]. These nutrients also play a significant role in global 

agriculture and food production as P and N rich fertilizers are essential in supporting the rate of 

plant growth necessary to sustain crop yields [41]. While N is readily available in the atmosphere 

and accessible via fixation (Haber-Bosch process), P is primarily obtained through the mining of 

phosphate rock which is a limited resource. Though there are currently only estimates of total 

global phosphate rock stores it is clear that reserves will decrease in quality, and become 

unevenly distributed and less accessible if current use practices continue [5] [42]. Thus, 

sustainable use and management of P is now of critical importance. 

 In recent decades the recovery of P from wastewater has emerged as a plausible 

component to the P management solution. One method of recovering P from wastewater is 

through the precipitation of magnesium ammonium phosphate (NH4MgPO4 ∙ 6H2O), or struvite. 

Struvite forms naturally in wastewater treatment plants often precipitating on equipment and in 

pipes due to favorable precipitation conditions including high concentrations of P and N, along 

with the presence of magnesium (Mg) and a basic pH environment. In addition to the expensive 

removal costs, struvite buildup impacts operation efficiency thus increasing operational costs 

[17] [43]. However, when precipitated intentionally in a reactor, struvite can be harvested and 

used as a slow-release fertilizer replacing demand for traditional fertilizers that rely on the 

mining of phosphate rock [44] [43]. 

Wastewater treatment as a whole creates some environmental impacts [11], but society 

has decided that the public health, availability of freshwater, and environmental protection 

benefits that wastewater treatment provides outweigh these impacts [45] [46] and that 

wastewater treatment is necessary. The combined benefits of maintenance and cost savings with 

the recovery of a replacement for conventionally produced fertilizer make struvite recovery an 

attractive technology for addition in wastewater treatment. However, there are concerns that 
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struvite recovery will create additional environmental impacts that will outweigh the 

aforementioned benefits.   

Production of both chemicals and energy can have significant environmental impacts. The 

process of precipitating struvite can be very energy intensive [17], and while there is Mg present 

in wastewater streams additional Mg needs to be added in most cases to reach the optimum ratio 

of Mg2+, NH4+, and PO43 to optimize struvite yield [47] [48]. Additionally, chemical pH 

control is typically necessary to maintain ideal precipitation conditions [47] [48]. The question 

then arises how to evaluate the environmental impacts of struvite recovery and compare the costs 

and benefits.    

One method for evaluating the environmental impacts associated with the recovery of 

struvite from wastewater is through life cycle assessment (LCA). Over the past few decades 

various LCA studies have been conducted on struvite recovery in wastewater treatment; 

however, there are a number of gaps in that body of work including the assessment of full scale 

operations outside of Europe [49]. This research aims to further the understanding of the 

environmental tradeoffs of struvite recovery in wastewater treatment through a case study of the 

operations at the Nine Springs Wastewater Treatment Plant (WWTP) in Madison, WI USA. 

3.2 Case Study 

3.2.1 Goal and Scope 

The goal of this study is to evaluate the environmental performance of the full scale struvite 

recovery system at the Nine Springs WWTP in Madison, WI USA. On its own the struvite 

recovery system creates certain environmental impacts, but it also influences the operation of the 

entire WWTP and therefore the environmental performance of the whole plant. To understand 

both of these perspectives three different scopes based on two different scenarios were evaluated 

as shown in Figure 3. The Base Case scenario considers all of the wastewater treatment and 

solids handling processes within the WWTP for operation of the plant prior to the 

implementation of the struvite recovery system (January 2013 to January 2014). This case 

analyzes the wastewater treatment process from wastewater entering the plant up through the 

effluent leaves the plant including the production and transportation of the sole byproduct, 

biosolids. Assessing the performance of the plant before the struvite recovery system was 

installed provides a baseline with which to compare the results of the Full WWTP scenario. The 

Full WWTP Case scenario also encompasses all of the wastewater treatment and biosolids 
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handling processes within the plant, but includes the struvite recovery system, the offset of 

conventional fertilizers from struvite, and the transportation of struvite. The final scope evaluated 

in this assessment is the Struvite Recovery System Case on its own which modifies the 

boundaries of the Full WWTP scenario to only include the fluidized bed reactor that precipitates 

the struvite, the struvite sorting and bagging equipment, as well as the production and 

transportation of the end struvite product. Both the Full WWTP and Struvite Recovery System 

Cases, shown in Figure 1 were based on the operation of the plant from November 2017 to 

November 2018. 

 

 

Figure 3: Boundaries of the three considered scopes - the Base Case, the Full WWTP Case, and 

the Struvite Recovery System Case. Dashed lines denote the boundaries of the physical WWTP. 
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 All of the struvite produced and harvested at Nine Springs is sold to Ostara Nutrient 

Recovery Technologies Inc. (Ostara), the company that manufactures the struvite recovery 

equipment installed at the WWTP. The struvite recovery system is automated, but requires 

regular operator input to adjust set points in response to changing operating parameters including 

variations in stoichiometric ratios of N, P, and Mg, target pH, rate of harvesting, and size of 

precipitated struvite prills (pellets). To account for these operation adjustments as well as 

seasonal variations in wastewater composition and any unusual events (heavy rain, changes in 

industrial wastewater streams, population fluxes due to large events or holidays, etc.) that may 

have occurred at the plant, a time span of one year was chosen for this assessment. Additionally, 

since the data collection start date is different for the Base and Full WWTP Cases the one year 

time period allows for comparison of the different time periods. 

 Within the boundaries of both scenarios the operation of foreground WWTP processes as 

well as background production of inputs such as chemicals is included. Construction of any 

foreground equipment and infrastructure as well as background infrastructure to produce any of 

the system inputs were excluded from the analysis. It can be challenging to determine accurate 

and realistic lifetimes for all of the different equipment and structures at a WWTP. Additionally, 

all of the pieces of equipment at the Nine Springs plant are in different stages of their respective 

lifetimes which can affect their performance. Furthermore, it has been reported that the impact 

from infrastructure investment in wastewater treatment has a relatively small impact as compared 

to the impact from system operation [9] [29]. Taking these aspects into account as well as the 

one year time frame for this assessment it was decided to focus solely on WWTP operation and 

therefore exclude the impact from infrastructure itself. On the output side of the scenarios there 

is the production of effluent wastewater, biosolids, and struvite. This assessment includes an 

offset of conventional fertilizer for both the biosolids and struvite produced as well as the 

transportation of these products for spreading on agricultural land, or distribution as a 

commercial fertilizer respectively. 

The selection and definition of functional unit is of great importance in LCA as it has a 

large influence on the final results of the assessment [11]. In WWTP LCA studies it is common 

to use a functional unit in terms of an amount of wastewater treated [30], but a trend in struvite 

recovery LCA studies is to use a functional unit in terms of an amount of recovered nutrients 

[49]. For this assessment the functional unit was chosen to be “per cubic meter (m³) of 
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wastewater treated”, but to improve comparability with other struvite recovery LCA studies the 

Full WWTP and Struvite Recovery System scopes were also evaluated using a “per kg of 

struvite recovered” functional unit included in Appendix B (Table 17). In addition to improving 

the comparability of this work with other LCA studies, the use of two functional units also 

complements the different perspectives of nutrient recovery and wastewater treatment. 

3.2.2 Inventory Analysis 

In this gate-to-gate assessment there are three main inputs in addition to the influent 

wastewater for all scopes: energy in the form of electricity and heat, chemicals (also includes 

polymers), and transportation of by products (struvite and biosolids). Nine Springs WWTP 

purchases most of its heat and electricity from Madison Gas and Electric (MGE), but some heat 

and electricity is also generated onsite via anaerobic digestion. The breakdown of fuel sources 

for purchased electricity was assumed to be 48% coal, 12% renewables (wind and solar), 19% 

gas/oil, and 21% purchased power which comes from a variety of sources [50]. Heat and 

electricity generated onsite come from biogas produced through anaerobic digestion of sludge. 

The biogas is transformed into useable heat and electricity using combined heat and power 

(CHP) generation units, and any excess gas is flared. It was assumed that emissions from CHP 

heat and electricity generation are equivalent to those from biogas flaring, and a new biogas 

combustion process was created in SimaPro based on emissions as reported in [51]. Section 4 of 

the Appendix A lists the specific inventory choices and corresponding databases, and provides a 

more in depth discussion of some of the selections and calculations.  

Amongst the three different scopes a total of seven different chemicals are employed in 

addition to polymers for sludge dewatering. To optimize the nutrient ratio for struvite 

precipitation in the Struvite System and Full WWTP Cases Mg is commonly added (Rahman, et 

al., 2014). At Nine Springs Mg is added in the form of magnesium chloride (MgCl₂); however, 

since SimaPro 8.5.2.0 does not include a process for MgCl₂ production a new process was 

created based on the inventory data from Igos et al. [20] which is detailed in Section 3 of the 

Appendix B.  

There are two main outputs for the Base Case scenario, the effluent plant wastewater, and 

biosolids, and the Full WWTP Case additionally includes the harvested struvite. Though biogas 

is produced in both scenarios all of the biogas is used onsite, and therefore treated as an input. 

Thus, the environmental impacts from biogas combustion introduced earlier are included in the 
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boundaries of all scopes. To model the environmental impacts of the discharged effluent 

wastewater the concentration of total P and total N was considered as being directly discharged 

to surface waters.   

The Nine Springs WWTP produces Class B biosolids which are directly applied to 

agricultural land as fertilizer [52]. To capture their impact the concentrations of total P and NH₃-

N are modeled as being directly sent to agricultural land and an offset of equivalent fertilizer is 

calculated. The offset of conventional fertilizer production means that the impact from a 

nutritionally equivalent amount of fertilizer is essentially subtracted from the total impact. To 

model this offset the total amount of P and N going to land was calculated assuming that 70% of 

the total P in biosoilds, and 50% of N as NH₃-N are bioavailable for plant uptake based on 

Lundin et al. [53], and these totals were then equated to the conventional P and N fertilizers 

triple superphosphate (TSP) and ammonium nitrate (AN) respectively. 

 Since the benefit of recovering struvite, as mentioned previously, comes from the avoided 

production of conventionally manufactured fertilizer products the struvite produced by the Nine 

Springs WWTP was also modeled as a fertilizer offset similar to the biosolids. Ostara Nutrient 

Recovery Technologies Inc. [54] reports the total N content of the recovered struvite to be 5% 

and available phosphate (P2O5) as 28%, which was used to determine the total amount of 

nutrients captured in the struvite, and then equivalent amounts of TSP and AN fertilizers were 

able to be calculated.  The operation of the struvite system and WWTP could be evaluated 

without considering an offset of conventional fertilizer, but an offset was considered in this case 

study to remain consistent with previous struvite recovery LCA literature [49]. 

 The final aspect considered in these scenarios is the transportation of both the biosolids 

and harvested struvite. It was assumed based on personal communication that all of the struvite 

recovered is sent by truck to a distribution facility over 560 km (350 miles) away [55]. However, 

this assessment only considered the transportation to that facility and not the actual distribution 

of fertilizer to its end location. The biosolids are applied to agricultural land and therefore travel 

a much smaller range of distances. From Seib [55] it was assumed that the minimum, average, 

and maximum distances the biosolids are trucked are 8.05, 32.19, and 56.33 km (5, 20, and 35 

miles) respectively, and the impact for this range of potential travel distances was assessed. 
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3.3 Methods 

Environmental impacts were evaluated using the Tool for Reduction and Assessment of 

Chemicals and Other Environmental Impacts (TRACI) 2.1 v1.03 US 2008. TRACI was 

developed by the United States (US) Environmental Protection Agency (EPA) and is one of only 

two LCIA methods that are specific for US conditions. This comprehensive tool calculates 

impact factors in ten different categories [56]; ozone depletion (kg CFC-11 eq), global warming 

(kg CO2 eq), smog (kg O3 eq), acidification (kg SO2 eq), eutrophication (kg N eq), 

carcinogenics (CTUh), non-carcinogenics (CTUh), respiratory effects (kg PM2.5 eq), ecotoxicity 

(CTUe), and fossil fuel depletion (MJ surplus). 

LCA is a holistic approach to evaluating the environmental impacts of a product, process, or 

system. As a method, there is an established protocol and criteria for conducting LCAs set forth 

by the International Organization for Standardization (ISO) [10]. The standardized methodology, 

which has been followed in this study, includes the definition of goal and scope, analysis of life 

cycle inventory, impact assessment, and interpretation of results [10]. To calculate the impact 

values LCA software SimaPro version 8.5.2.0 was utilized, and all inventory processes were 

selected from either the USLCI or Ecoinvent v.3.2 databases, or a new process was created based 

on impacts from literature 

3.4 Results and Discussion 

3.4.1  Base Case 

The results in the 10 impact categories for the Base Case are shown in Figure 4. Looking first 

at general trends it is found that in all categories the results show positive values, or net 

environmental costs per m³ of wastewater treated. This is due to the consumption of chemicals 

and energy at the plant, and although there is an offset, or environmental benefit, in this case 

from the production of biosolids which are sent to agricultural land as fertilizer the benefit is not 

large enough to completely offset the impacts from the chemicals, energy, transportation, and 

plant effluent in any category. In all categories except eutrophication electricity consumption has 

the largest impact. The leading factor in the eutrophication category is the impact from the plant 

effluent, which dominates since the plant effluent (and thus the nutrients in the effluent) are 

directly discharged to bodies of water (two different creeks in this case). 
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Figure 4: Total impact in all categories for the Base Case showing the relative impact from each 

input and output.†† 
 

3.4.2 Full WWTP Case 

Moving next the results of the Full WWTP Case, in Figure 5 it is evident that the recovery of 

struvite influenced the overall distribution of impacts amongst most of the considered categories. 

Immediately it is observed that the harvested struvite offsets some amount of impact in all 

categories, and this offset is greater than that of the biosolids that are produced. Another change 

is that the relative impact from added chemicals rose in all categories as a result of both an 

increase in the number of chemical types and the volume of chemicals added. For example, in 

the OD category the contribution from chemicals jumped from 13% of the total impact in the 

Base Case to 39% in the Full WWTP Case, and in the HHC category the increase in impact from 

chemicals was large enough to make chemicals the leading factor over electricity as was the 

leading factor in the Base Case. Overall, analysis of the Full WWTP Case shows positive values 

or a net environmental cost in all categories as was true in the Base Case; however, compared to 

the Base Case scenario there is at least marginal improvement in the impact per m³ of wastewater 

                                                           
†† Ozone depletion (OD) kg CFC-11 eq, global warming (GW) kg CO2 eq, smog (SM) kg O3 eq, acidification (AC) 

kg SO2 eq, eutrophication (EU) kg N eq, carcinogenics (HHC) CTUh, non-carcinogenics (HHNC) CTUh, 

respiratory effects (RE) kg PM2.5 eq, ecotoxicity (ET) CTUe, and fossil fuel depletion (FF) MJ surplus.  
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treated in eight out of the ten categories. The only two categories that did not show improvement 

were OD and EU. 

 

Figure 5: Total impact in all categories for the Full WWTP Case showing the relative impact 

from each input and output. 

 

3.4.3 Comparison of Results 

Results for the OD category are shown and discussed in Section 5.1 of Appendix B, but 

the other category showing an increase in total impact from the Base Case scenario that is of 

specific interest for this research is the EU category. Figure 12a and Table 21 in Appendix B 

show that the impact in all areas except electricity and biosolids rose, and this increase was 

larger than the offset from recovered struvite resulting in a net increase of kg N eq. Examining 

the impacts from specific inputs and outputs, however, shows that the increase in N equivalents 

from the plant effluent is a significant factor. From Tables 7 and 8 in Appendix B which show 

the influent and effluent wastewater characteristics in the Base and Full WWTP Cases it 

becomes evident that 1) the average volume of wastewater entering and leaving the plant in a day 

increased, and 2) the average influent and effluent concentrations of P and N increased.   
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Since the plant effluent is directly discharged to water these changes in volume and 

nutrient concentration have a measurable impact on the total eutrophication impact per m³ of 

wastewater treated. However, Figure 6a and Tables 7 and 8 in Appendix B show that these 

changes are within one standard deviation of the data (and therefore not statistically significant) 

in both years and from an operational standpoint the change in concentration of nutrients is 

negligible. Additionally, the struvite system is responsible for nutrient removal on the biosolids, 

not on the main wastewater stream, so the changes in influent and effluent volume and 

characteristics can be disregarded as changes that would have occurred regardless of whether or 

not the struvite system was implemented. By ignoring only the change in impact from the plant 

effluent analysis shows that the impact for the Full WWTP Case changes from 8.85E-04 kg N eq 

to 6.73E-04 kg N eq per m³ of waster treated which is an improvement over the 7.81E-04 kg N 

eq per m³ of wastewater treated in the Base Case. 

 

Figure 6: Comparison of Base Case and Full WWTP results in the a) EU and b) GW impact 

categories. 
 

 Another category of specific focus is the global warming category. Analysis of the results 

in Figure 6b and Table 21 in Appendix B shows that the impact from chemicals, natural gas, and 

transportation of biosolids and struvite increased in the global warming category. The largest 

change was for chemicals which increased by 1.25E-02 kg CO2 eq per m³ of wastewater treated 

or 153%. However, while there was an increase in impact for several categories the offset or 

environmental benefit from harvesting struvite alone was greater than those increases combined. 

Though the net change in impact from the Base Case to the Full WWTP Case was only 0.004 kg 
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CO2 eq per m³ of wastewater treated, or a 1% improvement, this is equivalent to 2.22E+05 kg 

CO2 eq per year.  In other words, the Full WWTP operation saves the equivalent of 514 barrels 

of oil each year [57]. 

One specific aspect to highlight across the analyses of both the Base and Full WWTP Cases 

is the almost negligible impact from transportation of struvite and biosolids. As mentioned 

previously, the recovered struvite is all sent approximately 574.5 km (357 miles) to a distribution 

facility, but the biosolids are sent a range of distances for spreading on agricultural land. 

Calculating the percent impact biosolids transportation has at the minimum, average, and 

maximum distances transported shows that even at the maximum travel distance biosolids 

transportation contributes to less than 1% of the total impact in any category, and the same is true 

for the transportation of struvite (Figure 13 in Appendix B). What is critical to consider, 

however, is that the biosolids transportation distance for the Nine Springs plant is quite small 

compared to other locations [58] since the Nine Springs WWTP is located in such close 

proximity to agricultural lands. 

The Base Case and Full WWTP Case both have net environmental costs; however, it should 

not be interpreted that it would be better not to have wastewater treatment. As previously 

mentioned, wastewater treatment as a whole is crucial in protecting public health by preventing 

the spread of disease [46], and in preventing pollution that is harmful to plants and wildlife [59] 

[45]. Rather, the Base Case results provide a baseline measurement of the environmental impact 

of the Nine Springs WWTP against which alternative treatment scenarios, such as struvite 

recovery, can be compared. 

3.4.4 Struvite Recovery System Case 

The final piece of the analysis of the Nine Springs WWTP is looking more in depth at the 

struvite recovery system on its own. In Figure 7, the results show that in six of the ten considered 

impact categories the struvite system has negative totals – net environmental benefits. Per m³ of 

wastewater treated the totals in each category are relatively small, on the order of hundredths of a 

unit or smaller, but considering the volume of wastewater treated each day or each year the total 

impacts become more significant. 
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Figure 7: Total impact in all categories for the Struvite System showing the relative impact from 

each input and output. 
 

Breaking the results down to look at the impacts from the specific inputs and outputs of the 

system shows where chemicals versus electricity have a stronger influence. In GW, SM, AC, and 

FF electricity emerges as the leading factor in environmental costs, whereas the impact from 

chemicals dominates in the remaining categories. Between the two chemicals used at this stage 

sodium hydroxide, which is used for pH control, creates the largest impact, and from the 

electricity side it is the electricity produced form coal that emerges as the most impactful source 

in most categories. Not neglecting the offsets from the harvested struvite, the offset of P fertilizer 

specifically has the greatest benefit contributing to at least 80% of the total struvite offset in all 

categories. 

One final aspect to address with this analysis is the primary motivation for the struvite 

recovery system at the Nine Springs WWTP, which was the avoided maintenance associated 

with unwanted struvite buildup elsewhere in the plant. An estimated 2,000 man-hours per year is 

spent on maintenance for struvite removal which corresponds to an estimated $1.3 million over 

the assumed 20 year lifetime of the equipment [52]. While the impact of avoided maintenance 
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was not considered in the scope of this work it was a major factor in the decision making 

process. 

3.5 Conclusions 

Struvite precipitation in wastewater treatment presents a unique opportunity to recover 

important nutrients and also addresses a costly and challenging maintenance problem that many 

WWTPs face. LCA shows that while wastewater treatment has a net environmental cost the 

addition of a struvite recovery system at the Nine Springs WWTP generally improves the 

environmental performance of the plant as a whole. Additionally, from the mix of positive and 

negative impacts for the Struvite Recovery System Case, it can be concluded that the overall 

impact of the struvite system independently is neutral or even slightly positive.   

The results of this assessment highlight the use of chemicals as a potential area for 

improvement in the recovery of struvite. Future studies focusing on evaluating the feasibility and 

environmental performance of alternative magnesium sources and different pH controls would 

be beneficial to advancing wastewater nutrient recovery. Another area for continued focus is the 

transportation of byproducts (biosolids and struvite). Though transportation had a very small 

impact in this case study, the impact for plants with larger transportation distances, or producing 

larger amounts of biosolids and struvite, could become significant making it important to 

consider transportation impacts in future studies. Outside of the environmental impacts evaluated 

in this LCA it is important to also consider the benefit itself of recovering P and N as a valuable 

product that offsets fertilizer production, thus reducing the need to mine phosphate rock, a 

limited resource whose future sustainability is in question. 
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Chapter 4: Exploring Monetary Valuation of Phosphorus in the Environment and its 

Implications in Decision Making 

4.1.   Introduction 

Phosphorus (P) and Nitrogen (N) in the environment are important in supporting the growth and 

development of healthy ecosystems; however, excessive amounts of these nutrients can create 

nutrient pollution leading to excessive plant and algae growth, eutrophication, and in extreme 

whose impacts are wide are wide spread, and in recent decades it has become of increasing 

concern with impairment of waterways becoming more severe and growing focus on protecting 

and maintaining freshwater resources [60] [61]. However, a major factor in nutrient control and 

management is cost. 

Economic considerations have traditionally been the driving force in decision making 

processes [62]. Cost-benefit analysis and economic payback period calculations often dictate the 

selection of new products, or implementation of new systems and processes. However, from a 

sustainability perspective this approach is narrow and neglects significant potential impacts these 

decision can have, namely the environmental impacts. One way to incorporate the environmental 

impacts of nutrient pollution specifically into decision making processes is through monetary 

valuation of nutrients or the damage they cause. 

This study has chosen to focus primarily on P in the environment as it is generally considered 

that P is the limiting nutrient in freshwater ecosystems, and N the limiting nutrient in marine 

systems. This work conducts a literature survey to identify the different valuations of P, and 

understand where there can be improvement in moving towards incorporating environmental 

economics into the decision making process, and to demonstrate how those prices or costs found 

can impact decision making through a case study of nutrient recovery in wastewater treatment. 

4.2.   Literature Search 

In reviewing relevant literature a wide range of different sources related to nutrient pollution 

costs was uncovered. For this analysis it was decided to focus on studies in three main areas: 

economic effects of nutrient pollution, mitigation and removal of P, and willingness to pay 

(WTP) for P removal or reduction. Each category addresses a different perspective of the costs of 

nutrient pollution specifically focusing on P; economic effects demonstrate the greater scope of 

potential impacts in different economic sectors if nutrient pollution is not controlled, mitigation 
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and removal studies highlight the actual costs to remove P once it has entered the environment, 

and WTP focuses on the realities of what public is actually willing to pay to control the problem. 

Economic studies were selected from a 2015 United States Environmental Protection 

Agency (US EPA) report that focused on the costs of nutrient pollution surveying literature that 

detailed the costs of not controlling or delaying control of nutrient pollution, and the costs to 

control nutrient pollution after it has occurred [63]. It was assumed that this collection of studies 

accurately represented the scope of literature on economic consequences from nutrient pollution. 

The only economic effect studies from US EPA [63] that were excluded in this section were 

those focusing on property value that considered a functional unit other than ‘per one meter 

change in secchi depth’ in an effort to maintain uniformity amongst the studies in 

aforementioned subgroup. The complete group of considered economic effects studies is listed in 

detail Table 31 Appendix C. 

 In the second category, mitigation and removal of P, selection focused on studies that 

considered only P removal and that provided specific information about the cost and amount of P 

or removal or estimated removal. This pool of sources excluded those studies examining nutrient 

trading programs. A group of studies was again identified using the EPA report in combination 

with three other studies; [64], [65], and [66], identified separately through Google Scholar and 

Scopus searches. Table 30 in Appendix C lists the specific studies considered in this category. 

Additionally, a list of nutrient mitigation and removal studies that were considered, but not 

included in the literature analysis here is provided in Section 1 of Appendix C with a more 

detailed explanation of the exclusion. 

 The final category of studies included in this analysis are studies utilizing the contingent 

valuation method; WTP. Contingent valuation is a method of pricing that involves surveying 

people to determine the maximum amount a person would be willing to pay for a good or service 

(WTP), or the minimum amount a person would be willing to accept to go without something 

(willingness to accept (WTA)). Searches for contingent valuation studies focusing on P pollution 

conducted using Google Scholar and Scopus yielded only four WTP studies (and no WTA 

studies); [67], [68], [69], and [70], which were analyzed in this work. A detailed list of these four 

studies is provided in Table 30 of Appendix C.   
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4.3 Literature Review 

4.3.1 Economic Effects 

Beginning with analysis of the economic impacts of nutrient pollution in general the group of 

economic effects studies is considered. This group of studies finds costs in five different 

economic areas: property value, fisheries, tourism, health effects, and drinking water treatment. 

To improve comparability the costs determined in each study were converted into 2017 United 

States Dollars (USD) using CoinNews Media Group, LLC [71], and the final economic estimates 

for each respective category were summarized in Figure 8 and Tables 2 and 3. 

The property value subcategory focuses on the relationship between water quality and 

property that has been previously established in literature, specifically water clarity [72] [73].  In 

this group all considered studies used hedonic property valuation models that take into account 

the characteristics of the specific property, the location, and the environment [74]. Additionally, 

each study considered the price decrease due to a one meter change in water clarity measured as 

secchi depth (a metric of water quality assessed using a black and white circular plate called a 

secchi disk). 

 Growth of HABs and eutrophication in general can have deleterious effects on aquatic 

species. Eutrophication causes excessive growth of plants and algae which deplete dissolved 

oxygen levels in the water that are essential for supporting aquatic life [75], and HABs as their 

name suggests can produce toxins that can be harmful and even deadly to people and animals 

[76]. The studies considered in the fisheries category look at the economic losses for different 

aquatic species such as softshell clam, brown shrimp, or oysters (detailed in Table 31 of 

Appendix C) as a function of specific nutrient pollution related events or conditions i.e. Red Tide 

events, HABs, hypoxia, or a drop in dissolved oxygen levels, etc.  

 Tourism and tourism-related spending is a large economic sector with $945 billion in 

direct tourism spending and $683 billion in indirect tourism-related spending for the third quarter 

of 2017 alone [77]. However, it has been shown in research that environmental quality impacts 

completion amongst different tourist destinations [78] [79]. Since nutrient pollution affects the 

usability and quality of water resources it can be connected to losses in tourism revenue. Similar 

to the fishery studies, the tourism literature considers the economic consequences as a function 

of nutrient pollution related events or conditions and not specifically from some quantity of 
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nutrients. The group of sources also considered the impact of nutrient pollution for both direct 

tourism spending and indirect tourism-related spending. 

 

 

Figure 8: The cost of nutrient pollution from literature as calculated through a) change in 

property value [80] [81] [82] [83] [84] [85], b) revenue from fisheries [86] [87] [88] [89] [90], 

and c) tourism [88] [91] [92] [93] [94] [95] [96]. 
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 In addition to unpleasant aesthetics, nutrient pollution can also cause the growth of HABs 

which can have adverse effects on human health as a result of ingestion or consumption of 

contaminated water, fish, or shellfish, or through direct contact with skin [97]. From US EPA 

[63], only one health effect related study was identified that considered the marginal cost of 

health effects for respiratory illness related to algae bloom events. The results from this study 

show a range of $22,760 to $147,940 per year for annual marginal cost of illness from Red Tide 

events for high and low algae bloom levels, respectively, which correspond to different amounts 

of emergency department visits. 

 The final economic category is drinking water treatment costs. As mentioned, there can 

be serious public health consequences related to nutrient pollution specifically from ingesting 

contaminated water. However, older drinking water treatment plants that draw from 

contaminated surface waters are often not equipped to treat and remove the toxins produced by 

HABs [98], and treatment demands even for modern plants increase during large bloom events. 

Two studies were identified that detail increased drinking water treatment costs due to nutrient 

pollution or nutrient pollution related events.  One of the considered studies, Davenport and 

Drake [96], calculated $13,924,899 in costs for increased treatment for a blue-green algae 

outbreak, and The Cadmus Group Inc. [99] calculated $74,970,877 in costs for increased 

treatment and monitoring to improve water quality issues due to excess nutrients. 

The variety of functional across and amongst categories prevents direct comparison 

amongst these economic studies. However, qualitatively an improved understanding of the 

breadth of impact nutrient pollution can have is developed. It is shown that nutrient damages not 

only have an effect over a variety of different economic areas, but also in a variety of different 

locations and under a variety of different conditions. Additionally, the range in values observed 

within each category serves to demonstrate the scope of potential impacts in each of the 

considered areas. 

4.3.2 Mitigation and Restoration  

 Seven different mitigation and restoration studies were selected from the US EPA [63]  

report in addition to the three studies about nutrient removal projects or technologies identified 

earlier. The majority of these studies (six out of the ten) were for alum treatments of polluted 

lakes which is a common method for P management [100]; however, the Suck-the-Muck 

program detailed in Wisconsin State Journal [66] is a dredging project, Dunne et al. [64] focuses 
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on the cost effectiveness of large-scale constructed wetland at a lake in Florida, and Sano et al. 

[65] considered two different stormwater treatment area (STA) systems in Florida in addition to 

Managed Aquatic Plant Systems (MAPS). In addition to some variability in the methods the 

locations of these studies were more spread out compared to the WTP literature with studies 

evaluation mitigation/removal activities in Minnesota, Wisconsin, Washington, Florida, and 

South Dakota. As with the WTP studies cost and removal information was collected from the 

reports and used to calculate a cost per kg of P removed or recovered in 2017 USD. In this group 

the overall range in costs per kg of P removed was just over $4616 with the minimum price 

calculated at $14.15 from Hoyman [101], and the maximum at $4630.53 from Burgdhoff and 

Williams [102]. 

4.3.3 Willingness to Pay 

Moving next to the contingent valuation studies the four WTP studies considered were all 

conducted in the Midwest Unite States, specifically in Minnesota and Wisconsin. Combined, 

these studies each surveyed residents about their willingness to pay for P reduction through a 

variety of different payment methods. For example, in Matthews et al. [67], residents were asked 

about two different payment methods for reducing P pollution in the Minnesota River by 40%; 

first as an increase in state income tax and second as a surcharge on their water bill. Other 

studies surveyed residents about WTP for a proposed government program to reduce the 

frequency of algae blooms in Lake Mendota, WI [69], or focused on WTP for a nutrient 

reduction policy in two different watersheds [70].  

From these studies data and information was collected and used to estimate a cost per 

kilogram (kg) of P removed or reduced. Using the inflation calculator costs were converted to 

2017 USD and then divided by the total removal of P proposed in kilograms. Eight different 

points were able to be calculated from these four studies (with some being the endpoints of a 

range) with six of the eight points showing a value per kg of P removed at less than $0.01 (but 

not zero). The maximum estimated cost per kg of P removed, from residents in the Gull Lake 

Chain in Minnesota in Burgdhoff and Williams [102] is $4630.53. 

4.4 Analysis: 

Figure 9 compares the cost of P removed for the WTP and mitigation and restoration studies. 

The values calculated in this combined data set range from $4630.53/kg of P reduced from 

Burgdhoff and Williams [102] to less than $0.01 [67]. Breaking the set into two, Table 2 shows 
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further compares the two data sets showing that the range in cost for WTP studies is considerably 

smaller, and that the median value in the mitigation and removal literature is more than $152 

higher per kg of P removed. 

‡‡ 

Figure 9: Summary of cost of P removal analysis from WTP and mitigation and restoration 

studies [103] [67] [69] [65] [104] [105] [70] [101] [102] [64] [106] [107] [108] [66]. 

  

                                                           
‡‡ Values are less than $0.01/kg of P, but are not zero. 
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Table 2: Summary of the costs per kg of P removed calculated from WTP and 

mitigation/removal literature. 

 Combined WTP Mitigation/ Removal 

Min $0.00/kg P§§ [67] $0.00/kg P§§ [67] $14.15/kg P [101] 

Max $4630.53/kg P [102] $3.36/kg P [70] $4630.53/kg P [102] 

Median $70.92/kg P [106] $0.00/kg P† [67] 
$152.03/kg P  

(between [64] and [105]) 

 

This overall difference in values calculated for the price per kg of P removed or reduced in 

these two groups of studies highlights the disparity in how society values nutrient pollution and 

their understanding of the true costs as compared to estimates of what it costs to actually 

remediate and further mitigate nutrient pollution once it has already occurred. Quantitatively 

comparing WTP and the economic impacts data also demonstrates an inconsistency in the 

magnitude of potential economic consequences for these communities and what the public is 

willing to spend to try and remediate the situation.   

4.5 Case Study 

From the literature analysis above it is clear that there can be a lot of variability in the valuation 

of P depending on what method is used and variability the potential damage it can cause in the 

environment. To better illustrate these discrepancies and understand how they can impact 

decision making results from the literature examined above will be applied to a case study of 

nutrient recovery in wastewater treatment. The Nine Springs Wastewater Treatment Plant 

(WWTP) in Madison, WI implemented a struvite recovery system in 2014 to control unwanted 

precipitation of struvite throughout the plant, and to recover nutrients, P and N, as an alternative 

fertilizer product. From a nutrient management perspective, a major benefit of struvite recovery 

is that the nutrients are captured in ideal form that can easily be transported. Since the nutrients 

are not restricted in the same way as biosolids by transportation costs it is assumed that the 

nutrients will go where they are needed thus avoiding overloading the areas surrounding the 

WWTP and allowing for nutrient balancing on a larger scale. 

                                                           
§§Values are less than $0.01/kg of P, but are not zero. 
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4.5.1 Methods 

The decision of how to control the unwanted struvite precipitation in the Nine Springs WWTP 

was detailed by the Madison Metropolitan Sewerage District (MMSD) in a 2010 report [109], 

and the specific solution recommended in this report and ultimately installed at the plant was a 

Struvite Harvesting System from Ostara Nutrient Recovery Technology, Inc. downstream of 

anaerobic digestion. From this report information about the estimated costs, operation 

parameters, and struvite recovery yield were collected. Using this information three different 

things were calculated: cost of P recovered, breakeven price per kg of P, and the payback period 

based on cost of P from five different WTP and mitigation and restoration studies selected from 

the analysis above. 

To represent the full range of cost of P values calculated from the literature analysis three 

studies were selected, [67] [102] and [106], that give the maximum, minimum, and median costs 

respectively. The additional two studies, Wisconsin State Journal [66] and Stumborg et al. [69] 

are specific to Dane County, WI where the Nine Springs WWTP is located. They were included 

in the evaluation due to their particular relevance to the case study. For simplification purposes 

this set of five studies will be called the Case Study Literature Set (CSLS) from this point 

forward. 

4.5.2 Analysis and Results 

 To begin, the cost of P recovered, shown in Table 3, was calculated using both the cost of 

the struvite recovery system on its own, and the total cost of the upgrades made to the plant at the 

time the system was installed. From Applied Technologies [109] it was estimated that the 

Struvite Harvesting System would recover approximately 4.74E+05 kg of struvite (522 US tons) 

each year which corresponds to 1.07E+05 kg of P. Using the 20 year lifetime assumed in 

Applied Technologies [109] the amount of P recovered was scaled up and divided by the Present 

Worth (PW) cost of the system and the whole project in 2017 USD. As a function of the system 

costs alone the price per kg of P recovered was calculated to be $5.70, and as a function of the 

total upgrade costs the price was estimated at $24.08. Comparing these results with the CSLS the 

cost of P falls in the middle of the group being greater than the two WTP studies, [69] and [67], 

and smaller than the three mitigation and removal studies [66], [102], and [106]. Additionally, 

both calculations place the cost of P between the two Dane County specific studies 
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Table 3: Cost per kg of P based on the amount of P recovered as struvite. 

 
Cost 

(2017 USD) 

kg P recovered 

(per year) 

kg P recovered 

(20 years) 

$/kg P 

(total) 

System Cost $12,167,235 1.07E+05 2.14E+06 $5.70 

Total Project Cost $51,435,000 1.07E+05 2.14E+06 $24.08 

 

This calculated value of the P recovered can be compared to actual values of P in 

conventional fertilizers such as diammonium phosphate (DAP), (NH4)2HPO4, which is a widely 

used P fertilizer. From Neeley [107] the retail price of DAP from October 27th to November 3rd, 

2017 was $434 per ton.  Using stoichiometry and the molecular weights of DAP and P a cost per 

kg of P from DAP of $2.04 can be calculated which is significantly lower than the calculated 

value of P recovered as struvite in this system. 

In addition to calculating and comparing the cost of P for the struvite recovery system it 

is beneficial to understand how the cost of P impacts system costs on an annual basis. Applied 

Technologies [109] provides information about the PW of operation and maintenance (O&M) 

costs that could be annualized. These costs include a credit for revenue from struvite fertilizer 

sales, however, what is not included in their calculations are the costs avoided or benefits from 

not sending the revered P to the environment (based on the assumption that the nutrients are sent 

only where they are needed). One way to look at the value of P in this case is to try and 

understand at what price per kg of P the benefits of recovering struvite equal the annual O&M 

costs through breakeven analysis. A breakeven point, as the name suggest, occurs when annual 

costs are equal to annual benefits thus the project or investment breaks even. By finding the 

annual O&M costs of the system and equating it to the annual benefit of recovering P a 

breakeven price per kg of P recovered can be calculated. 

 Beginning by calculating the annual costs (AC) the PW O&M costs were first converted 

to 2017 USD using CoinNews Media Group, LLC [71]. Using the Capital Recovery Factor 

(Equation 1) where i is the discount rate, A is the annual value, P is the present value, and n is 

the time period with the assumed discount rate 4.88% and lifetime of 20 years from Applied 

Technologies [109] the PW O&M costs were then converted an AC of $140,842.27. Setting this 

AC equal to the annual benefits (AB)*** and dividing the AC by the estimated 1.41E+05 kg of P 

                                                           
*** Annual benefits = (price per kg of P recovered)*(amount of P recovered) 
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recovered each year the breakeven price of $1.39 per kg of P was calculated. Conceptually this 

value represents the cut-off price for which the costs of the struvite system outweigh the benefits.  

𝐴 = 𝑃 [
𝑒𝑖 𝑛(𝑒𝑖−1)

𝑒𝑖 𝑛−1
]  (Equation 1) 

The final assessment of this case study is a comparative analysis of payback period based 

on the cost of P from the CSLS studies. Payback period is the time it takes for the net annual 

costs (NAC) of a system or project to be equivalent to the initial investment and ignoring the 

change in value of money over time. In this case the NAC of the system are calculated by 

subtracting the AC from the AB which are calculated separately using the value of P ($/kg of P) 

from each study in the CSLS. The initial investment is then the PW capital cost (PWCC) 

converted to 2017 USD, and the final payback period is calculated by dividing the PWCC by the 

NAC for each study. 

 Figure 10 shows payback period as a function (blue line) of the value of P in dollars per 

kg of P recovered. The green line represents the breakeven price of P where, at a value lower 

than $1.39/kg of P recovered, the NAC is negative and a payback period cannot be calculated.  

From the CSLS two studies, [67] and [69], estimate a value of P that is lower than the payback 

period. Conceptually, the annual benefits calculated using the value of P from not unnecessarily 

dumping the recovered P into the environment do not outweigh the annual costs, and therefore 

the system will never be able to recoup the initial investment. 
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Figure 10: Payback period as function of the value of P.   
 

The payback period calculated from the remaining CSLS studies, [102] [106] and [66], 

are denoted by the red dots in Figure 10. The maximum estimated value of P at $4630.53 per kg 

recovered would tell decision makers that the in less than one month of operation the struvite 

system will have avoided environmental damages equivalent to the initial $10,311,003.00 capital 

investment. At minimum, the longest payback period among these three studies would be 3.33 

years (or approximately three years and four months). Decision making then would need to 

decide whether the length of the payback period is too long, or not short enough. 

 In this specific case if the value per kg of P was taken from the WTP study of residents in 

Dane County [69] payback period analysis would have shown that the system would never “pay 

back” its original investment in avoided environmental damages. However, based on the value of 

P from Wisconsin State Journal [66] that the current Suck-the-Muck program in Dane County 

implies decision makers at MMSD would have found that in just under two and a half years the 
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recovery of P through struvite harvesting would have avoided environmental damages equivalent 

in value to the capital investment made in the system. Though these benefits are outside or 

external to the costs and revenue for the Nine Springs WWTP and MMSD the impacts affect the 

community that the treatment plant serves. 

4.6 Conclusions: 

This literature survey highlights the differences in estimates of economic damages from nutrient 

pollution, willingness to pay for P removal or reduction, and the cost for mitigation and removal 

of P once it has entered the environment. Additionally, a large discrepancy was found in the 

value of P in the environment as a function of what people are willing to pay versus the actual 

cost to remove it. The literature assessed showed that the amount people are willing to pay for P 

removal or reduction is considerably smaller than the actual cost of technologies or projects to 

remediate the nutrient pollution. Furthermore, comparing the WTP studies with the economic 

costs of environmental damages from nutrient pollution in general highlights a potential lack of 

understanding by the general public of the consequences nutrient pollution can have particularly 

in economic sectors. 

 Application of a subset of values calculated from literature in a case study further 

illustrates the need to for a consistent method for evaluating the cost of P in the environment or a 

constant value. Establishing a consistent method or a constant value (similar to the Social Cost of 

Carbon [110]) is a crucial step in developing a standardized way to incorporate environmental 

damages and environmental economics into decision making processes. It is recommended that 

future research focus on a ways to combine and weight different types of cost estimates (i.e. 

potential economic damages, mitigation/restoration, etc.) to develop more robust calculations of 

nutrient value. Additionally, working towards a standardized methodology for calculation of 

nutrient value would be ideal as it was demonstrated that economic effects in specific are largely 

affected by location. 
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Chapter 5: Conclusions & Future Work 

This work evaluates the environmental impacts of struvite recovery in wastewater treatment as a 

nutrient management, and explores the use of monetary valuation of nutrients as a way to 

incorporate environmental impacts in conventional decision making processes. A literature 

review of wastewater treatment struvite recovery systems LCA studies was used to identify gaps 

and inconsistencies in the body of research and to inform a LCA case study of the recovery 

system at the Nine Springs WWTP in Madison, WI USA. From this case study it could be 

concluded that the struvite recovery system improved the overall environmental performance of 

the WWTP as a whole, and that the struvite recovery system independently has a neutral or 

slightly positive net environmental impact. While these results demonstrate the potential of 

struvite recovery in wastewater treatment as a positive component in nutrient management 

solutions there is still room for improvement. Specifically future research efforts should focus on 

alternative chemicals options to reduce environmental impacts, and evaluating the trade-offs of 

different transportation distances for biosolids and harvested struvite. 

 In addition to the environmental analysis of the struvite recovery nutrient management 

system a review of literature focusing on monetary valuation of P was conducted identifying 

economic effects from nutrient pollution in general and calculating the cost of P through 

different valuation methods. These findings were applied in a case study of nutrient recovery at 

the Nine Springs WWTP demonstrating how the variability in these estimates can affect decision 

making. Analysis of literature findings and case study results highlighted that public 

understanding of the full scope of potential impacts from nutrient pollution is underdeveloped. 

Furthermore, recommendations were made for future research to focus on combing different 

methods of nutrient valuation and establishing a standardized method for monetary valuation of 

nutrients. 

 Though this work fills gaps in the existing body of literature focusing on sustainable 

nutrient management there is always room for further research. Continued assessment of full 

scale wastewater treatment struvite recovery systems outside of Europe (particularly in North 

America) using LCA is necessary to further understanding of the environmental impacts from 

struvite recovery. Application of LCA to other novel nutrient management solutions will be a 

crucial part in providing environmental information for future comparison of nutrient 

management options. Additionally, future work in environmental economics could focus on 
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viable and consistent ways of incorporating monetary valuation calculations into economic 

decision making. 
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Appendix A 
 

Table 4: Summary of assessed LCA studies. 

Source 
USS or 

WWTP 
Year Scenarios 

[8] WWTP 2018 

Scenario 1 - Ostara Pearl ®,  

Scenario 2 - PRISA,   

Scenario 3 - AirPrex ®,  

Scenario 4 - Gifhorn,  

Scenario 5 - Stuttgart,   

Scenario 6 - PHOXNAN 

[14] WWTP 2015 

Scenario 1 - Struvite reactor on biosolids dewatering stream 

and struvite use in agriculture                                                                  

Scenario 2 - Struvite reactor on RO brine stream and struvite 

use in agriculture 

[15] WWTP 2017 

Scenario 1 - FW, black and greywater collected separately at 

household level, blackwater and FW digested then struvite 

precipitation and ammonia stripping on effluent stream, 

greywater treated separately in activated sludge - digested- 

effluent treated to standards, all products returned to 

agriculture 

[16] WWTP 2012 Scenario 1 - Struvite precipitation 

[17] WWTP 2016 

Scenario 1 - Biological P removal and struvite precipitation 

on liquor stream from sludge thickeners and centrifuges after 

digestion 

[9] WWTP 2015 

Scenario 1 - AirPrex ®,  

Scenario 2 - Ostara Pearl ®,  

Scenario 3 - Struvia,  

Scenario 4 - Gifhorn,  

Scenario 5 - Stuttgart 

[18] WWTP 2014 

Scenario 1 – Struvite precipitated in a fluidized bed reactor on 

the supernatant of an anaerobic digester using aerated CO₂ 

stripping for pH control 

[19] USS 2015 

Scenario 1 - Urine separated collection, conventional 

Scenario 2 - Struvite precipitation and reinjection 

Scenario 3 - Urine separated collection EPC, struvite 

precipitation + reinjection,               

Scenario 4 - Urine separated, EPC, struvite + agricultural 

application,                                                                                                                                                 

Scenario 5 - Urine separated, EPC, struvite + 

nitritation/deammonification 
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[20] USS 2017 

Scenario 1 – Decentralized pre-treatment of urine with several 

VFU units, pre-treat 10% of urine inflow volume for WWTP 

Scenario 2 – Larger VFU unit as pre-treatment in a 

centralized WWTP, pre-treating 50% of urine inflow for 

WWTP 

Scenario 3 – Scenario 2 without post-denitrification and 

adapted tank volumes 

Scenario 4 – Scenario 2 with adjunction of a primary 

sedimentation tank 

Scenario 5 – Scenario 2 with adjunction of enhanced primary 

clarification and anaerobic digestion of sludge 

[21] USS 2015 

Scenario 1 - Urine diverting toilets, added MgO for struvite 

precipitation,    

Scenario 2 - Urine diverting toilets, added MgO for struvite, 

and Na3PO4  for N recovery 

[22] USS 2017 

Scenario 1 - Struvite production in PPR w/ FWF,                                                                                            

Scenario 2 - Struvite production w/ PPR w/ SWF,   

Scenario 3 - Struvite w/ PRP w/ FWF and urine nitritation, 

Scenario 4 - Struvite w/ PRP w/ SWF and urine nitritation 

[23] USS 2006 

Scenario 1- Struvite precipitation, adsorption on zeolithes, 

ozonoation, SBR 

Scenario 2 - Struvite precipitation, steam stripping, ozonation, 

and SBR 

[24] USS 2014 Scenario 1 - Struvite precipitation and nitritation-anammox 

FW = food waste, RO = reverse osmosis, EPC = enhanced primary clarification, VFU = value from urine 

process, PPR = phosphate precipitation reactor, FWF = freshwater flushing, SWF = sea water flushing, SBR = 

sequencing batch reactor 

 

1. Description of Reference Scenarios 

[8] – The status quo is defined as a typical 100,000 population equivalents (PE) WWTP which 

has a P load of 65,700 kg annually.  The WWTP is a mono-incineration plant for sewage sludge, 

and includes the management processes for incurred wastes.   The plant is a mono-incineration 

plant for sewage sludge and includes waste management of all occurring wastes.  The system is 

considered to be modular with defined reference processes and sub-processes.  

 

[19] - The reference scenario is a biological nutrient treatment plant that couples an activated 

sludge process with anaerobic digestion for P and N removal.  The wastewater treatment train 

incorporates: grit removal, an activated sludge process with two anoxic tanks, three aerobic 

tanks, and a post denitrification zone to reach effluent limits, and secondary clarification.  Sludge 
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is thickened and digested, and the biogas is processed in a cogeneration unit to produce both 

electricity and heat.  

 

[20] – The reference or business as usual scenario is a conventional WWTP for a 50,000 PE 

sewage network in the Netherlands.   

 

[21] - The baseline scenario involves replacing all toilets in residence halls at the University of 

Florida in Gainesville with new conventional fixtures which send combined wastewater to a 

centralized treatment facility.  At the WWTP it is assumed that nutrients are partially removed, 

but not recovered. 

 

[15] – The reference operation is a conventional system representing typical Swedish sanitation 

systems for food waste and wastewater.  The system serves 120,000 capita with an influent 2.06 

g/capita per day of total P and 14.5 g/capita per day of total N. 

 

[16] – This study focuses on alternative ways to supply Swedish agriculture with the necessary P, 

so the reference or baseline scenario can be considered to be mineral P fertilizer from mining.  

The study used data for triple superphosphate as a representative fertilizer which contains only P 

as a nutrient (no N). 

 

[17] - The reference scenario is the original operation at the Ӧresundsverket WWTP before 

struvite recovery was added.  The system consists of primary, secondary and tertiary treatment.  

Screening, grit separation, and primary sedimentation comprise the primary treatment, secondary 

treatment is enhanced biological nutrient removal (EBNR) (removal of organic matter, N and P 

using an activated sludge process), and tertiary treatment is a two-media filter process.  The 

collected sludge is thickened and anaerobically digested.  Ferric chloride is added to the primary 

sludge to prevent hydrogen sulfide production, and polymer (polyacrylamide) is added to 

secondary sludge to facilitate better draining.  After digestion the sludge is dewatered, stored, 

and then used at a later time in agriculture or on reclamation or construction areas. 
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[23] – This study considers treatment of a separated urine stream separate from treatment of 

other wastewater streams, and therefore defines the reference scenario to be storage of separated 

urine for an appropriate amount of time to allow for hygienic stabilization, followed by direct 

application to farmland. 

 

[9] – Two different reference scenarios are considered for the treatment line and disposal route of 

a 1 million population equivalent WWTP which reflect the annual operation of a typical large-

scale WWTP in Germany.  One scenario incorporates enhanced biological phosphorus removal 

(EBPR) and the other uses chemical P removal.  The input quality of sludge is deferent for the 

different P removal mechanisms in the WWTP.  Both scenarios incorporate sludge digestion at a 

mesophilic temperature followed by dewatering in a centrifuge with a polymer addition and 

transport to a mono-incineration facility where it is incinerated in a fluidized bed reactor and 

energy is recovered.  The liquor from the dewatering process is returned to the main WWTP 

stream, ash from incineration is deposited underground, and the biogas collected is valorized in a 

combined heat and power (CHP) plant to produce electricity and heat.  The electricity is either 

used on-site or exported, and the heat produced is used for heating within the plant. 

 

[24] – This study also included two different reference scenarios: a conventional system 

(CONV), and a blackwater source separation system baseline configuration (BWS).  The CONV 

consists of non-integrated management of wastewater and organic kitchen refuse.  Black and 

grey water drain together through a gravity sewer system into a treatment station where an 

activated sludge process and chemical precipitation are used to remove mainly N and P.  The 

sludge is then thickened, anaerobically digested, and dewatered.  Organic kitchen refuse is 

transported to a facility where it is ground up, pasteurized, anaerobically digested, and then 

dewatered.  Both sludge streams are sent to farmland where they are stored and used later on as 

an organic fertilizer.  The biogas generated from both digestion processes is used to produce hot 

water and heat for pre-treatment, and excess hot water is used by nearby businesses. 

 The BWS scenario starts with black water collection using a vacuum and pumping 

system sending it to a centralized treatment station. Organic kitchen refuse is collected and 

combined with the blackwater and then ground up, pasteurized, and anaerobically digested.  The 

digestate is not dewatered, but instead transported directly to farms where it is stored and applied 
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as a fertilizer.  Greywater is collected via gravity sewer system and sent to a septic tank for pre-

treatment, and then treated in a constructed wetland.  Biogas is used similarly as in the CONV. 

 

[18] - No reference scenario assessed. 

 

[14] - No reference scenario assessed. 

 

[22] - No reference scenario assessed. 
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Appendix B 

 

1. Nine Springs Background: 

 

The Nine Springs Wastewater Treatment Plant (WWTP), located in Madison, WI, serves 

380,000 people treating on average 42 million gallons per day (approx. 1.59E+05 m³ per day) 

[111].  In 2013 the 11th Addition to the Nine Springs WWTP was completed which included 

upgrades and improvements to the solids handling facilities as well as the addition of a struvite 

recovery system.  The system was chosen primarily to help alleviate the maintenance and costs 

associated with unwanted precipitation of struvite on equipment and in pipes throughout the 

treatment process.  Partnering with Ostara Nutrient Recovery Technologies Inc., the Madison 

Metropolitan Sewerage District selected the Pearl ® struvite recovery process. 
 

2. Influent, Effluent, and Biosolids Characteristics: 

 

From 2013 to 2018 the average influent and effluent volume of wastewater at the Nine Springs 

WWTP increased.  Though this change is not statistically significant, it does impact the end life 

cycle assessment (LCA) results. The city of Madison itself has been reducing water usage [112] 

[113], but the Nine Springs WWTP serves communities other than Madison [55] and the 

population in the service area has been increasing.  The increase in volume could also be in part 

due to inflow and infiltration from the expanding infrastructure and service area as well as aging 

infrastructure, and potentially from larger storm events experienced in the 2017-2018 period 

[55].  In addition to an increased volume of wastewater the plant experienced an increase in 

influent and effluent nutrient concentrations, albeit not statistically significant changes again.  

From an operator perspective these changes are negligible, and the overall removal efficiency of 

the plant did not change significantly. One potential explanation for this increase in nutrients is 

due to the decrease in water usage by the city of Madison mentioned previously.  There is likely 

a smaller volume of more concentrated wastewater coming to plant.   

 

Table 5: Nine Springs influent wastewater characteristics. 
 Base Case Full WWTP Unit 
 Avg. SD Avg. SD  

Volume 154930 23750 166280 35198 m3/day 

BOD5 239 43.0 254 53.0 PPM 

CBOD5 223 41.0 248 52.6 PPM 

TSS 225 36.0 209 37.5 PPM 

VSS 201 32.5 189 35.8 PPM 

TKN 42 5.5 46 8.4 PPM 

NH3-N 26 3.9 29 5.3 PPM 

TP 5.4 0.74 5.6 1.0 PPM 
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Table 6: Nine Springs effluent wastewater characteristics. 
 Base Case Full WWTP Unit 

 Avg. SD Avg. SD  

Volume 148380 23913 158550 34349 m3/day 

BOD5 4 1 6 3 mg/L 

DO 7.85 0.856 7.81 0.750 PPM 

TSS 4.4 1.4 4.7 2.2 PPM 

VSS 4 1 4 2 PPM 

TKN 1.7 0.34 1.9 0.61 PPM 

NH3-N 0.3 0.3 0.3 0.4 PPM 

NO3-N 17.6 8.14 19.0 3.09 PPM 

TP 0.2 0.1 0.3 0.1 PPM 

Ortho-P 0.07 0.07 0.09 0.08 PPM 

 

 

Table 7: Nine Springs biosolids characteristics. 
 Base Case Full WWTP Unit 

 Avg. SD Avg. SD  

Mass 19079.82 5094.611 28429.96 14233.41 kg/day 

TS 5.3 0.32 5.8 0.20 % 

VS 3.65 0.225 4.04 0.124 % 

TKN 3976 291.8 4697 351.2 PPM 

NH3-

N 
1484 163.6 1747 217.7 PPM 

TP 1860 101.6 1581 271.8 PPM 

WEP 189 30.6 77.9 21.4 PPM 

K 353 31.9 283 20.8 PPM 
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3. Calculations 

3.1  Chemicals – MgCl2 

One of the chemical inputs for the Struvite Recovery System and Full WWTP Cases is 

magnesium chloride (MgCl₂).  However, neither the Ecoinvent nor USLCI databases in SimaPro 

version 8.5.2.0 include a process for MgCl₂ production. Instead a process was created based on 

the inputs for MgCl₂ in [114].  Table 10 shows the inputs for the production of 1 m³ of MgCl₂ 

used in this assessment. 
 

Table 8: Inputs for the created Magnesium Chloride process.  These inputs produce 1 m³ of 

MgCl₂ solution. 
Amount Unit SimaPro Item Database 

996 kg Tap water {RoW}| tap water production, conventional 

treatment | Alloc Def, U 
Ecoinvent 

4.3 kg Magnesium oxide {RoW}| production | Alloc Def, U Ecoinvent 

3.8 kg Chlorine, production mix, at plant/RNA USLCI 

1.3 kg Carbon black {GLO}| production | Alloc Def, U Ecoinvent 

 

3.2  Biogas 
Another input process that needed to be created was for biogas combustion. It was assumed that 

the emissions from biogas in an internal combustion engine provided in [51] were the same as 

the emissions from biogas flaring and energy production using combined heat and power (CHP) 

generation units. Table 11 shows the emissions from [51] in kg/Nm³ (kilograms per normal cubic 

meter) of gas, and the conversion to kg/ft³ assuming 2.93E-02 Nm³/ft³ of gas. 

 

Table 9: Assumed biogas combustion emissions converted from kg/Nm³ to kg/ft³. 
 Value Unit Value Unit 

CH4 4.28E-03 kg/Nm³ 1.25E-04 kg/ft³ 

NOx 1.89E-03 kg/Nm³ 5.54E-05 kg/ft³ 

SO2 6.38E-06 kg/Nm³ 1.87E-07 kg/ft³ 

PM 1.91E-05 kg/Nm³ 5.60E-07 kg/ft³ 

CO 8.29E-04 kg/Nm³ 2.43E-05 kg/ft³ 

 

3.3  Fertilizer Equivalents – Biosolids and Struvite 

Struvite harvested using the Ostara process is called Crystal Green ®, and is assumed to have the 

composition shown in Table 12.  Using this information the amount of available P and N in the 

6.24E+05 kg of struvite recovered from Nine Springs during the assessment period could be 

calculated and translated into equivalent amounts of triple superphosphate and urea ammonium 

nitrate fertilizers.  From the corresponding SimaPro processes it was assumed that 48% of P is 

available as P2O5 in triple superphosphate, and 32% N is available in urea ammonium nitrate.   
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Table 10: Composition of recovered struvite [54]. 
Crystal Green Weight % 

Available P (as P2O5) 28.00% 

Total N 5.00% 

Mg 10.00% 

K 0.00% 

 

 For the biosolids, as previously mentioned in the article it was assumed that 70% of total 

P in the biosolids is, and 50% of the N as NH₃-N are bioavailable [53].  Using the total amount 

of biosolids produce, 4.86E+06 kg and 3.76E+06 kg for the Full WWTP and Base Case 

scenarios respectively, the total amount of P and N available was calculated. Then, following the 

same procedure as for the struvite fertilizer offset equivalent amounts of triple superphosphate 

and urea ammonium nitrate were calculated. 
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4. Inventories: 
 

Table 11: Base Case inventory. 

Type Amount Unit SimaPro Item Database 

Energy 

Biogas 3.06E+08 ft³ Biogas Combustions (created product) - 

Coal:     

bituminous 9.84E+06 kWh Electricity, bituminous coal, at power plant/US USLCI 

lignite 5.18E+05 kWh Electricity, lignite coal, at power plant/US USLCI 

Gas/Oil 4.10E+06 kWh 
Electricity, high voltage {MRO, US only}|electricity production, natural gas, 

combined cycle power plant| Alloc Def, U 
Ecoinvent 

Purchased 

Power 
4.53E+06 kWh 

Electricity, at grid, MRO, 2010/kWh/RNA (Processes, Energy, Electricity Country 

Mix, Low Voltage) 
USLCI 

Renewable: 2.59E+06 kWh   

wind 1.29E+06 kWh 
Electricity, high voltage {MRO, US only}|electricity production, wind, <1MW 

turbine, onshore|Alloc Def,U 
Ecoinvent 

solar 1.29E+06 kWh 
Electricity, low voltage {NPCC, US only}|electricity production, photovoltaic, 

3kWp slanted-roof installation, single-Si, panel, kWh 
Ecoinvent 

Natural Gas 4.61E+05 m³ Natural gas, high pressure {RoW}|natural gas production | Alloc Def, S Ecoinvent 

Chemicals 

Ferric Chloride 2.74E+04 kg 
Iron (III) chloride, without water, in 40% solution state {RoW}| iron (III) chloride 

production , production in 40% solution state | Alloc Def, U 
Ecoinvent 

 4.88E+04 kg  Water, deionized, from tap water, at user {RoW}|production| Alloc Def, U Ecoinvent 

Digested Sludge 

Polymer 
1.42E+05 kg Polyacrylamide {GLO}| production| Alloc Def, U Ecoinvent 

Sodium 

Hypochlorite 
4.56E+03 kg 

Sodium hypochlorite, without water, in 15% solution state {RoW}| sodium 

hypochlorite production, product in 15% solution state | Alloc Def, U 
Ecoinvent 

 3.19E+04 kg Water, deionized, from tap water, at user {RoW}|production| Alloc Def, U Ecoinvent 

Defoamant 7.81E+01 m3   

 3.83E+04 kg 
Iron (III) chloride, without water, in 40% solution state {RoW}| iron (III) chloride 

production , production in 40% solution state | Alloc Def, U 
Ecoinvent 

 6.81E+04 kg Water, deionized, from tap water, at user {RoW}|production| Alloc Def, U Ecoinvent 

Biosolids *all emissions to agriculture 
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Emissions to 

Soil 
3.76E+06 kg  - 

TP 1.86E+03 mg/kg Phosphorus, total agricultural  

NH3-N 1.48E+03  mg/kg Ammonia, agriculture  

P fertilizer 

Offset 
2.71E-03 kg  

Phosphate fertiliser, as P2O5 {RoW}|triple superphosphate production | Alloc Def, 

U 
Ecoinvent 

N fertilizer 

Offset 
2.32E-03 kg  Nitrogen fertiliser, as N {RoW}|urea ammonium nitrate production | Alloc Def, U Ecoinvent 

Wastewater *all emissions to river 

Emissions to 

water 
5.42E+07 m3  - 

TN 1.93E+04 mg Nitrogen, total  

TP 2.21E+02 mg Phosphorus, total  

Transportation 

Biosolids     

min 3.02E+04 tkm 
Transport, freight, lorry > 32 metric ton, EURO6 {ROW}| transport, freight, lorry 

>32 metric ton, EURO6 | Alloc Def, U 
Ecoinvent 

avg 1.21E+05 tkm 
Transport, freight, lorry > 32 metric ton, EURO6 {ROW}| transport, freight, lorry 

>32 metric ton, EURO6 | Alloc Def, U 
Ecoinvent 

max 2.12E+05 tkm 
Transport, freight, lorry > 32 metric ton, EURO6 {ROW}| transport, freight, lorry 

>32 metric ton, EURO6 | Alloc Def, U 
Ecoinvent 

 
 
 
 
 
 
 
 
 
 

Table 12: Full WWTP Case inventory. 

Type Amount Unit SimaPro Item Database 

Energy 
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Biogas 2.96E+08 ft³ Biogas Combustions (created product) - 

Coal: 1.11E+07    

bituminous 1.05E+07 kWh Electricity, bituminous coal, at power plant/US USLCI 

lignite 5.55E+05 kWh Electricity, lignite coal, at power plant/US USLCI 

Gas/Oil: 4.39E+06 kWh 
Electricity, high voltage {MRO, US only}|electricity production, natural gas, 

combined cycle power plant| Alloc Def, U 
Ecoinvent 

Purchased Power: 4.85E+06 kWh 
Electricity, at grid, MRO, 2010/kWh/RNA (Processes, Energy, Electricity 

Country Mix, Low Voltage) 
USLCI 

Renewable: 2.77E+06 kWh   

wind 1.39E+06 kWh 
Electricity, high voltage {MRO, US only}|electricity production, wind, <1MW 

turbine, onshore|Alloc Def,U 
Ecoinvent 

solar 1.39E+06 kWh 
Electricity, low voltage {NPCC, US only}|electricity production, photovoltaic, 

3kWp slanted-roof installation, single-Si, panel, kWh 
Ecoinvent 

Natural Gas: 5.32E+05 m³ Natural gas, high pressure {RoW}|natural gas production | Alloc Def, S Ecoinvent 

Chemicals 

Ferric Chloride 2.12E+05 kg 
Iron (III) chloride, without water, in 40% solution state {RoW}| iron (III) chloride 

production , production in 40% solution state | Alloc Def, U 
Ecoinvent 

 3.31E+05 kg Water, deionized, from tap water, at user {RoW}|production| Alloc Def, U Ecoinvent 

Digested Sludge 

Polymer 
1.44E+05 kg Polyacrylamide {GLO}| production| Alloc Def, U Ecoinvent 

WAS Polymer 8.09E+04 kg   

 2.25E+05 kg Polyacrylamide {GLO}| production| Alloc Def, U Ecoinvent 

Sodium 

Hypochlorite 
5.19E+02 kg 

Sodium hypochlorite, without water, in 15% solution state {RoW}| sodium 

hypochlorite production, product in 15% solution state | Alloc Def, U 
Ecoinvent 

 3.64E+03 kg Water, deionized, from tap water, at user {RoW}|production| Alloc Def, U Ecoinvent 

Soda Ash 2.45E+03 kg Soda ash, dense {GLO}| modified Solvay process, Hou's process | Alloc Def, U Ecoinvent 

Acetic Acid 1.83E+03 kg 
Acetic acid, without water, in 98% solution state {RoW}| acetic acid production, 

product in 98% solution state | Alloc Def, U 
Ecoinvent 

 1.44E+03 kg Water, deionized, from tap water, at user {RoW}|production| Alloc Def, U Ecoinvent 

NaOH 3.12E+05 kg 
Sodium hydroxide, without water, in 50% solution state {RoW}| chlor-alkali 

electrolysis, diaphragm cell | Alloc Def, U 
Ecoinvent 

 3.12E+05 kg Water, deionized, from tap water, at user {RoW}|production| Alloc Def, U Ecoinvent 

MgCl2 5.02E+02 m³ Magnesium Chloride Production (created process) - 
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Fertilizer 

Phsophorus 

Fertilizer 
3.64E+05 kg 

Phosphate fertiliser, as P2O5 {RoW}|triple superphosphate production | Alloc 

Def, U 
Ecoinvent 

Nitrogen 

Fertilizer 
2.73E+04 kg Nitrogen fertiliser, as N {RoW}|urea ammonium nitrate production | Alloc Def, U Ecoinvent 

Biosolids * all emissions to agriculture 

Emissions to Soil 4.86E+06 kg  - 

TP 1.58E-03 mg Phosphorus, total agricultural  

NH3-N 1.75E-03 mg Ammonia, agriculture  

P fertilizer Offset 2.31E-03 kg 
Phosphate fertiliser, as P2O5 {RoW}|triple superphosphate production | Alloc 

Def, U 
Ecoinvent 

N fertilizer Offset 2.73E-03 kg Nitrogen fertiliser, as N {RoW}|urea ammonium nitrate production | Alloc Def, U Ecoinvent 

Wastewater * all emissions to river 

Emissions to 

water 
5.80E+07 m³  - 

TN 2.09E+04 mg Nitrogen, total  

TP 2.92E+02 mg Phosphorus, total  

Transportation 

Biosolids     

min 3.91E+04 tkm 
Transport, freight, lorry > 32 metric ton, EURO6 {ROW}| transport, freight, lorry 

>32 metric ton, EURO6 | Alloc Def, U 
Ecoinvent 

avg 1.56E+05 tkm 
Transport, freight, lorry > 32 metric ton, EURO6 {ROW}| transport, freight, lorry 

>32 metric ton, EURO6 | Alloc Def, U 
Ecoinvent 

max 2.74E+05 tkm 
Transport, freight, lorry > 32 metric ton, EURO6 {ROW}| transport, freight, lorry 

>32 metric ton, EURO6 | Alloc Def, U 
Ecoinvent 

Struvite 3.59E+05 tkm 
Transport, freight, lorry > 32 metric ton, EURO6 {ROW}| transport, freight, lorry 

>32 metric ton, EURO6 | Alloc Def, U 
Ecoinvent 

Table 13: Struvite Recovery System Case inventory. 

Type Amount Unit SimaPro Item Database 

Energy 

Biogas 3.35E+06 ft³ Biogas Combustions (created product) Ecoinvent 

Coal: 9.42E+05 kWh   

bituminous 8.95E+05 kWh Electricity, bituminous coal, at power plant/US USLCI 
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lignite 4.71E+04 kWh Electricity, lignite coal, at power plant/US USLCI 

Gas/Oil: 3.73E+05 kWh 
Electricity, high voltage {MRO, US only}|electricity production, natural gas, 

combined cycle power plant| Alloc Def, U 
Ecoinvent 

Purchased Power: 4.12E+05 kWh 
Electricity, at grid, MRO, 2010/kWh/RNA (Processes, Energy, Electricity 

Country Mix, Low Voltage) 
USLCI 

Renewable: 2.35E+05 kWh   

wind 1.18E+05 kWh 
Electricity, high voltage {MRO, US only}|electricity production, wind, <1MW 

turbine, onshore|Alloc Def,U 
Ecoinvent 

solar 1.18E+05 kWh 
Electricity, low voltage {NPCC, US only}|electricity production, photovoltaic, 

3kWp slanted-roof installation, single-Si, panel, kWh 
Ecoinvent 

Chemicals 

NaOH     

 3.12E+05 kg 
Sodium hydroxide, without water, in 50% solution state {RoW}| chlor-alkali 

electrolysis, diaphragm cell | Alloc Def, U 
Ecoinvent 

 3.12E+05 kg Water, deionized, from tap water, at user {RoW}|production| Alloc Def, U Ecoinvent 

MgCl2 5.02E+02 m³ Magnesium Chloride Production (created process) - 

Fertilizer 

Phsophorus 

Fertilizer 
3.64E+05 kg 

Phosphate fertiliser, as P2O5 {RoW}|triple superphosphate production | Alloc 

Def, U 
Ecoinvent 

Nitrogen 

Fertilizer 
2.73E+04 kg Nitrogen fertiliser, as N {RoW}|urea ammonium nitrate production | Alloc Def, U Ecoinvent 

Transportation 

Struvite 3.59E+05 tkm 
Transport, freight, lorry > 32 metric ton, EURO6 {ROW}| transport, freight, lorry 

>32 metric ton, EURO6 | Alloc Def, U 
Ecoinvent 
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5. Additional Results: 
 

5.1  Tables of Values  

 

Table 14: Base Case results (per m3 of wastewater treated) average transportation. 

Impact category Unit Total 

Ozone depletion kg CFC-11 eq 8.52E-09 

Global warming kg CO2 eq 3.09E-01 

Smog kg O3 eq 2.61E-02 

Acidification kg SO2 eq 2.72E-03 

Eutrophication kg N eq 7.81E-04 

Carcinogenics CTUh 1.13E-09 

Non carcinogenics CTUh 1.09E-08 

Respiratory effects kg PM2.5 eq 1.31E-04 

Ecotoxicity CTUe 3.28E-01 

Fossil fuel depletion MJ surplus 2.00E-01 

 

Table 15: Full WWTP Case results (per m3 of wastewater treated) average transportation. 

Impact category Unit Total 

Ozone depletion kg CFC-11 eq 1.18E-08 

Global warming kg CO2 eq 3.06E-01 

Smog kg O3 eq 2.49E-02 

Acidification kg SO2 eq 2.62E-03 

Eutrophication kg N eq 8.85E-04 

Carcinogenics CTUh 2.97E-10 

Non carcinogenics CTUh 5.56E-09 

Respiratory effects kg PM2.5 eq 1.22E-04 

Ecotoxicity CTUe 2.31E-01 

Fossil fuel depletion MJ surplus 1.98E-01 

 

Table 16: Struvite Recovery System Case results (per m3 of wastewater treated). 

Impact category Unit Total 

Ozone depletion kg CFC-11 eq 2.56E-09 

Global warming kg CO2 eq 1.82E-02 

Smog kg O3 eq 1.04E-03 

Acidification kg SO2 eq 1.00E-04 

Eutrophication kg N eq -1.32E-04 

Carcinogenics CTUh -1.09E-09 

Non carcinogenics CTUh -6.52E-09 

Respiratory effects kg PM2.5 eq -5.19E-06 

Ecotoxicity CTUe -1.42E-01 

Fossil fuel depletion MJ surplus -5.37E-03 
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Table 17: Difference in impact form Base Case to Full WWTP Case. 
Impact 

category 
Unit 

Base Case 

(Total) 

Full WWTP 

(Total) 

Difference 

in Impact 

% 

Change 

Yearly 

Change 

Ozone 

depletion 

kg CFC-

11 eq 

8.52E-09 1.18E-08 -3.24E-09 38% -1.97E-01 

Global 

warming 

kg CO2 eq 3.09E-01 3.06E-01 3.65E-03 -1% 2.22E+05 

Smog kg O3 eq 2.61E-02 2.49E-02 1.17E-03 -4% 7.09E+04 

Acidification kg SO2 eq 2.72E-03 2.62E-03 1.01E-04 -4% 6.14E+03 

Eutrophicatio

n 

kg N eq 7.81E-04 8.85E-04 -1.03E-04 13% -6.28E+03 

Carcinogenics CTUh 1.13E-09 2.97E-10 8.33E-10 -74% 5.07E-02 

Non 

carcinogenics 

CTUh 1.09E-08 5.56E-09 5.30E-09 -49% 3.23E-01 

Respiratory 

effects 

kg PM2.5 

eq 

1.31E-04 1.22E-04 9.01E-06 -7% 5.48E+02 

Ecotoxicity CTUe 3.28E-01 2.31E-01 9.65E-02 -29% 5.87E+06 

Fossil fuel 

depletion 

MJ 

surplus 

2.00E-01 1.98E-01 1.50E-03 -1% 9.13E+04 

 

Table 18: Changes in the global warming impact category. 
 Base Case Full WWTP Difference % Change 

Total 3.09E-01 3.06E-01 -3.65E-03 -1% 

Chemicals (Total) 8.13E-03 2.06E-02 1.25E-02 153% 

Biosolids -1.20E-03 -1.59E-03 -3.88E-04 32% 

Plant Effluent 0.00E+00 0.00E+00 0.00E+00 0% 

Biosolids Transportation 1.88E-04 2.25E-04 3.79E-05 20% 

Struvite Transportation 0.00E+00 5.17E-04 5.17E-04 - 

Electricity (Total) 3.00E-01 2.97E-01 -2.99E-03 -1% 

Natural Gas 2.00E-03 2.15E-03 1.43E-04 7% 

Struvite Fertilizer Offset 

(Total) 
0.00E+00 -1.34E-02 -1.34E-02 - 
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Table 19: Changes in the eutrophication category. 

 Base Case Full WWTP Difference % Change 

Total 7.81E-04 8.85E-04 1.03E-04 13% 

Chemicals (Total) 4.47E-05 1.06E-04 6.12E-05 137% 

Biosolids -6.08E-06 -6.65E-06 -5.68E-07 9% 

Plant Effluent 6.76E-04 8.88E-04 2.12E-04 31% 

Biosolids Transportation 1.96E-07 2.35E-07 3.95E-08 20% 

Struvite Transportation 0.00E+00 5.39E-07 5.39E-07 - 

Electricity (Total) 6.51E-05 6.36E-05 -1.53E-06 -2% 

Natural Gas 1.58E-06 1.69E-06 1.12E-07 7% 

Struvite Fertilizer Offset 

(Total) 
0.00E+00 -1.68E-04 -1.68E-04 - 

 

Table 20: Changes in the ozone depletion impact category. 

 Base Case Full WWTP Difference % Change 

Total 8.52E-09 1.18E-08 3.24E-09 38% 

Chemicals (Total) 1.15E-09 6.44E-09 5.29E-09 461% 

Biosolids -1.51E-10 -1.91E-10 -3.98E-11 26% 

Plant Effluent 0.00E+00 0.00E+00 0.00E+00 0% 

Biosolids Transportation 4.93E-11 5.93E-11 9.95E-12 20% 

Struvite Transportation 0.00E+00 1.36E-10 1.36E-10 - 

Electricity (Total) 7.41E-09 7.38E-09 -3.47E-11 0% 

Natural Gas 6.24E-11 6.68E-11 4.45E-12 7% 

Struvite Fertilizer Offset 

(Total) 
0.00E+00 -2.13E-09 -2.13E-09 - 

 

Ozone Depletion: 

From the Base Case to the Full WWTP Case the OD impact increased by 3.24E-09 kg CFC-

11 eq/m³ of wastewater treated which corresponds to an additional 1.97E-01 kg CFC-11 eq 

annually.  The change in OD was mostly due to an increase in the impact from chemicals, but the 

impact from biosolids and struvite transportation and natural gas production also contributed to 

the raise in CFC-11 eq.   
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5.2  Additional Graphs 
 

 
Figure 11: Results for a) ozone depletion, b) global warming, c) smog, d) acidification, e) 

eutrophication, f) carcinogenics, g) non-carcinogenics, h) respiratory effects, i) ecotoxicity, and 

j) fossil fuel depletion for each of the three scopes per m3 of wastewater treated. 
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Figure 12: Results for the transportation of biosolids in the a) Base Case, and b) Full WWTP 

Case. 
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5.3 Alternate Functional Unit Results 

 

Table 21: Results per kg of struvite recovered. 

Impact category Unit 
Full WWTP 

Case 

Struvite Recovery 

System Case 

Ozone depletion kg CFC-11 eq 1.15E-06 2.50E-07 

Global warming kg CO2 eq 2.98E+01 1.77E+00 

Smog kg O3 eq 2.43E+00 1.01E-01 

Acidification kg SO2 eq 2.55E-01 9.79E-03 

Eutrophication kg N eq 8.62E-02 -1.29E-02 

Carcinogenics CTUh 2.90E-08 -1.06E-07 

Non carcinogenics CTUh 5.42E-07 -6.36E-07 

Respiratory effects kg PM2.5 eq 1.19E-02 -5.06E-04 

Ecotoxicity CTUe 2.25E+01 -1.38E+01 

Fossil fuel depletion MJ surplus 1.93E+01 -5.23E-01 
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6. Sensitivity Analysis: 

 

The purpose of a sensitivity analysis is to assess the quality and strength of the results based on 

the input data, assumptions, and models (Wei, et al., 2015).  Two different analyses were 

undertaken to evaluate sensitivity in this assessment.  The first was a quantitative analysis of 

input parameter sensitivity.  The value of each inventory item was independently increased by 

15% and the change in total overall impact for each category was assessed.  Parameters that 

changed the results in environmental impact categories by more than 15% were deemed as being 

“sensitive”. Tables 18-20 show the sensitivity results for the Base Full WWTP, and Struvite 

Recovery System Cases respectively.  

 In the Base Case scenario none of the inputs or outputs of the system showed sensitivity.  

Moving to the Full WWTP Case and then the Struvite Recovery System Case the number of 

sensitive parameters increases.  The Full WWTP Case shows slight sensitivity (16-20%) in the 

carcinogenics category for three of the added chemicals (sodium hydroxide, ferric chloride, and 

the polymers) as well as sensitivity (80%) in the struvite fertilizer offset.  The struvite fertilizer 

also showed sensitivity in non-carcinogenics and ecotoxicity categories for the Full WWTP 

Case.  Generally, the sensitivity increased from the Full WWTP to Struvite Recovery System 

Case.  Struvite fertilizer offset shows sensitivity in all categories except ozone depletion, global 

warming, and smog.  The coal input is sensitive between 17 – 22% in smog, acidification, and 

respiratory effects.  Additionally, the sodium hydroxide input is sensitive to ozone depletion and 

respiratory effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



82 
 

 

Table 22: Sensitivity of input parameters for the Base Case scenario. 
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Unit 
kg CFC-

11 eq 

kg CO2 

eq 
kg O3 eq 

kg SO2 

eq 
kg N eq CTUh CTUh 

kg PM2.5 

eq 
CTUe 

MJ 

surplus 

Original Total 8.52E-09 3.09E-01 2.61E-02 2.72E-03 7.81E-04 1.13E-09 1.09E-08 1.31E-04 3.28E-01 2.00E-01 

Sodium 

Hypochlorite 
0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Ferric Chloride 0% 0% 0% 0% 0% 1% 0% 0% 1% 0% 

Polymers 1% 0% 0% 0% 1% 3% 2% 1% 2% 2% 

Defomant 1% 0% 0% 0% 0% 1% 1% 0% 1% 0% 

Plant Effluent 0% 0% 0% 0% 13% 0% 0% 0% 0% 0% 

Biosolids 0% 0% 0% 0% 0% 1% 1% 0% 1% 0% 

Biosolids 

Transportation 
0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Biogas 0% 1% 4% 1% 0% 0% 0% 0% 0% 0% 

Coal 0% 10% 8% 10% 0% 2% 6% 9% 1% 3% 

Gas/Oil 12% 1% 0% 1% 0% 3% 1% 1% 1% 6% 

Power Mix 0% 3% 2% 3% 0% 1% 2% 2% 0% 1% 

Wind 0% 0% 0% 0% 0% 2% 0% 0% 4% 0% 

Solar 1% 0% 0% 0% 0% 3% 2% 0% 5% 0% 

Natural Gas 0% 0% 0% 0% 0% 1% 1% 1% 1% 4% 
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Table 23: Sensitivity of input parameters for the Full WWTP Case. 

Impact Category 
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Unit 
kg CFC-

11 eq 

kg CO2 

eq 
kg O3 eq 

kg SO2 

eq 
kg N eq CTUh CTUh 

kg PM2.5 

eq 
CTUe 

MJ 

surplus 

Original Total 1.18E-08 3.06E-01 2.49E-02 2.62E-03 8.85E-04 2.97E-10 5.56E-09 1.22E-04 2.31E-01 1.98E-01 

Magnesium 

Chloride 
0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Sodium Hydroxide 5% 0% 0% 0% 1% 20% 5% 2% 4% 0% 

Sodium 

Hypochlorite 
0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Ferric Chloride 2% 0% 0% 0% 0% 18% 6% 1% 5% 0% 

Acetic Acid 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Soda Ash 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Polymers 1% 0% 0% 0% 1% 16% 4% 1% 4% 2% 

Biosolids 0% 0% 0% 0% 0% 4% 1% 0% 1% 0% 

Plant Effluent 0% 0% 0% 0% 15% 0% 0% 0% 0% 0% 

Biosolids 

Transportation 
0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Biogas 0% 1% 4% 1% 0% 0% 0% 0% 0% 0% 

Coal 0% 10% 8% 10% 0% 8% 12% 10% 1% 3% 

Gas/Oil 9% 1% 0% 1% 0% 11% 3% 1% 2% 6% 

Power Mix 0% 3% 2% 3% 0% 3% 4% 3% 1% 1% 

Wind 0% 0% 0% 0% 0% 9% 1% 0% 6% 0% 

Solar 0% 0% 0% 0% 0% 10% 4% 0% 8% 0% 

Natural Gas 0% 0% 0% 0% 0% 4% 2% 1% 1% 4% 
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Struvite Fertilizer 

Offset 
3% 1% 1% 1% 3% 80% 25% 4% 16% 2% 

Struvite Fertilizer 

Transportation 
0% 0% 0% 0% 0% 1% 0% 0% 0% 0% 

 

 

Table 24: Input sensitivity results for the Struvite Recovery System Case. 

Impact Category 
O

zo
n

e 
d

ep
le

ti
o

n
 

G
lo

b
a

l 
w

a
rm

in
g

 

S
m

o
g

 

A
ci

d
if

ic
a

ti
o

n
 

E
u

tr
o

p
h

ic
a

ti
o

n
 

C
a

rc
in

o
g

en
ic

s 

N
o

n
-

ca
rc

in
o

g
en

ic
s 

R
es

p
ir

a
to

ry
 

ef
fe

c
ts

 

E
co

to
x

ic
it

y
 

F
o

ss
il

 f
u

el
 

d
ep

le
ti

o
n

 

Unit 
kg CFC-

11 eq 

kg CO2 

eq 
kg O3 eq 

kg SO2 

eq 
kg N eq CTUh CTUh 

kg PM2.5 

eq 
CTUe 

MJ 

surplus 

Original Total 2.69E-09 1.91E-02 1.09E-03 1.05E-04 -1.39E-04 -1.14E-09 -6.84E-09 -5.44E-06 -1.49E-01 -5.63E-03 

Magnesium 

Chloride 
0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 

Sodium Hydroxide 23% 6% 5% 5% 3% 6% 4% 39% 7% 13% 

Biogas 0% 0% 1% 0% 0% 0% 0% 0% 0% 0% 

Coal 0% 14% 17% 22% 0% 0% 1% 20% 0% 8% 

Gas/Oil 0% 4% 5% 6% 0% 0% 0% 5% 0% 4% 

Power Mix 3% 2% 1% 2% 0% 0% 0% 3% 0% 18% 

Wind 0% 0% 0% 0% 0% 0% 0% 0% 1% 0% 

Solar 0% 0% 0% 0% 0% 0% 0% 1% 2% 0% 

Struvite Fertilizer 

Offset 
12% 11% 14% 21% 19% 22% 22% 84% 26% 63% 

Struvite Fertilizer 

Transportation 
1% 0% 0% 0% 0% 0% 0% 1% 0% 3% 

 

In the second analysis, three additional impact assessment methods were used to evaluate each of the scopes as a way of 

assessing variation between impact assessment methods. The results were assessed qualitatively to understand if the overall 
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conclusions change with different impact assessment methods since the specific impact category set and associated units change from 

method to method.  The three additional methods, ReCiPe Midpoint (H) version 1.12 (ReCiPe), CML-IA baseline version 3.03 

(CML), and IMPACT 2002+ version 2.12, were chosen for their wide use in LCA generally, and their specific use in struvite recovery 

LCA literature [49].  Tables 21-23 show the results from each of the four impact assessment methods considered for the Base, Full 

WWTP, and Struvite Recovery System Cases respectively.  The overall conclusions for all scopes drawn from each of these methods 

did not change; however, there were some discrepancies between individual impact categories.   

One difference to address is with the eutrophication category.  The eutrophication impact category in TRACI delivers results 

per kg N eq, and in the ReCiPe method the marine eutrophication category uses the same units. In the Struvite Recovery System Case 

TRACI showed a negative value or net environmental benefit for eutrophication, but the ReCiPe results showed a positive value or net 

environmental cost.  Since eutrophication is an area of specific importance for wastewater treatment plants this difference is 

significant because it could change conclusions about the system. Discrepancies like this between similar impact categories for 

different impact assessment methods are a known issue that is beginning to be addressed, and the eutrophication categories 

specifically are already an area of focus [115]. 

 

Table 25: Comparison of different impact assessment method results for the Base Case.  Green results indicate a net environmental 

benefit. 

TRACI ReCiPe IMPACT 2002+ CML (Baseline) 

Impact 

category 
Unit Total 

Impact 

category 
Unit Total 

Impact 

category 
Unit Total 

Impact 

category 
Unit Total 

Ozone 

depletion 

kg 

CFC-

11 eq 

8.52E-09 
Ozone 

depletion 

kg CFC-

11 eq 
6.77E-09 

Ozone layer 

depletion 

kg CFC-11 

eq 
6.74E-09 

Ozone layer 

depletion 

(ODP) 

kg CFC-

11 eq 
6.74E-09 

Global 

warming 

kg 

CO2 eq 
3.09E-01 

Climate 

change 

kg CO2 

eq 
3.09E-01 

Global 

warming 
kg CO2 eq 2.88E-01 

Global 

warming 

(GWP100a) 

kg CO2 

eq 
3.09E-01 

Acidification 
kg SO2 

eq 
2.72E-03 

Terrestrial 

acidification 

kg SO2 

eq 
2.50E-03 

Terrestrial 

acid/nutri 
kg SO2 eq 7.74E-03 Acidification 

kg SO2 

eq 
2.81E-03 

Eutrophication 
kg N 

eq 
7.81E-04 

Marine 

eutrophication 
kg N eq 1.86E-02 

Aquatic 

acidification 
kg SO2 eq 2.72E-03    

   Freshwater 

eutrophication 
kg P eq 3.39E-04 

Aquatic 

eutrophication 

kg PO4 P-

lim 
1.03E-03 Eutrophication 

kg PO4--- 

eq 
9.00E-03 

Ecotoxicity CTUe 3.28E-01 
Terrestrial 

ecotoxicity 

kg 1,4-

DB eq 
9.83E-06 

Terrestrial 

ecotoxicity 

kg TEG 

soil 
4.86E-01 

Terrestrial 

ecotoxicity 

kg 1,4-

DB eq 
1.78E-04 

   Freshwater 

ecotoxicity 

kg 1,4-

DB eq 
8.26E-04 

Aquatic 

ecotoxicity 

kg TEG 

water 
7.98E+00 

Fresh water 

aquatic 

ecotox. 

kg 1,4-

DB eq 
1.20E-02 

Carcinogenics CTUh 1.13E-09 
Marine 

ecotoxicity 

kg 1,4-

DB eq 
5.89E-04 Carcinogens 

kg 

C2H3Cl eq 
9.36E-03 

Marine 

aquatic 

kg 1,4-

DB eq 
3.66E+02 
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ecotoxicity 

Non 

carcinogenics 
CTUh 1.09E-08 

Human 

toxicity 

kg 1,4-

DB eq 
2.13E-02 

Non-

carcinogens 

kg 

C2H3Cl eq 
2.55E-03 

Human 

toxicity 

kg 1,4-

DB eq 
6.57E-02 

   Metal 

depletion 
kg Fe eq 1.36E-03 

Mineral 

extraction 
MJ surplus 1.44E-03    

Fossil fuel 

depletion 

MJ 

surplus 
2.00E-01 

Fossil 

depletion 
kg oil eq 9.98E-02 

Non-

renewable 

energy 

MJ 

primary 
4.46E+00 

Abiotic 

depletion 

(fossil fuels) 

MJ 4.44E+00 

Respiratory 

effects 

kg 

PM2.5 

eq 

1.31E-04 

Photochemical 

oxidant 

formation 

kg 

NMVOC 
1.26E-03 

Respiratory 

inorganics 

kg PM2.5 

eq 
2.94E-04 

Photochemical 

oxidation 

kg C2H4 

eq 
1.09E-04 

Smog 
kg O3 

eq 
2.61E-02 

Particulate 

matter 

formation 

kg PM10 

eq 
6.39E-04 

Respiratory 

organics 

kg C2H4 

eq 
3.40E-05    

   
Agricultural 

land 

occupation 

m2a 4.31E-04 
Land 

occupation 

m2org. 

arable 
8.65E-05    

   Urban land 

occupation 
m2a 4.20E-05       

   Natural land 

transformation 
m2 6.15E-06       

   Ionising 

radiation 

kBq 

U235 eq 
8.94E-04 

Ionizing 

radiation 

Bq C-14 

eq 
9.08E-02    

   Water 

depletion 
m3 2.59E-04    Abiotic 

depletion 
kg Sb eq 9.26E-08 

 

 

Table 26: Impact method sensitivity for the Full WWPT Case. Green boxes highlight areas with a net environmental benefit. 

TRACI ReCiPe IMPACT 2002+ CML (Baseline) 

Impact 

category 
Unit Total 

Impact 

category 
Unit Total 

Impact 

category 
Unit Total 

Impact 

category 
Unit Total 

Ozone 

depletion 

kg 

CFC-

11 eq 

1.18E-08 
Ozone 

depletion 

kg CFC-

11 eq 
1.03E-08 

Ozone layer 

depletion 

kg CFC-

11 eq 
1.02E-08 

Ozone layer 

depletion 

(ODP) 

kg CFC-

11 eq 
1.02E-08 

Global 

warming 

kg CO2 

eq 
3.06E-01 

Climate 

change 

kg CO2 

eq 
3.06E-01 

Global 

warming 

kg CO2 

eq 
2.86E-01 

Global 

warming 

(GWP100a) 

kg CO2 

eq 
3.06E-01 

Acidification 
kg SO2 

eq 
2.62E-03 

Terrestrial 

acidification 

kg SO2 

eq 
2.41E-03 

Terrestrial 

acid/nutri 
kg SO2 eq 7.43E-03 Acidification 

kg SO2 

eq 
2.71E-03 

Eutrophication 
kg N 

eq 
8.85E-04 

Marine 

eutrophication 
kg N eq 2.00E-02 

Aquatic 

acidification 
kg SO2 eq 2.62E-03    
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   Freshwater 

eutrophication 
kg P eq 2.72E-04 

Aquatic 

eutrophication 

kg PO4 P-

lim 
8.06E-04 Eutrophication 

kg PO4--- 

eq 
9.34E-03 

Ecotoxicity CTUe 2.31E-01 
Terrestrial 

ecotoxicity 

kg 1,4-

DB eq 
5.98E-06 

Terrestrial 

ecotoxicity 

kg TEG 

soil 
1.93E-01 

Terrestrial 

ecotoxicity 

kg 1,4-

DB eq 
1.23E-04 

   Freshwater 

ecotoxicity 

kg 1,4-

DB eq 
7.35E-04 

Aquatic 

ecotoxicity 

kg TEG 

water 
4.14E+00 

Fresh water 

aquatic 

ecotox. 

kg 1,4-

DB eq 
9.97E-03 

Carcinogenics CTUh 2.97E-10 
Marine 

ecotoxicity 

kg 1,4-

DB eq 
4.91E-04 Carcinogens 

kg 

C2H3Cl 

eq 

9.55E-03 

Marine 

aquatic 

ecotoxicity 

kg 1,4-

DB eq 
3.22E+02 

Non 

carcinogenics 
CTUh 5.56E-09 

Human 

toxicity 

kg 1,4-

DB eq 
1.72E-02 

Non-

carcinogens 

kg 

C2H3Cl 

eq 

2.13E-03 
Human 

toxicity 

kg 1,4-

DB eq 
5.96E-02 

   Metal 

depletion 
kg Fe eq 5.96E-04 

Mineral 

extraction 

MJ 

surplus 
4.35E-04    

Fossil fuel 

depletion 

MJ 

surplus 
1.98E-01 

Fossil 

depletion 
kg oil eq 9.95E-02 

Non-

renewable 

energy 

MJ 

primary 
4.45E+00 

Abiotic 

depletion 

(fossil fuels) 

MJ 4.43E+00 

Respiratory 

effects 

kg 

PM2.5 

eq 

1.22E-04 

Photochemical 

oxidant 

formation 

kg 

NMVOC 
1.21E-03 

Respiratory 

inorganics 

kg PM2.5 

eq 
2.80E-04 

Photochemical 

oxidation 

kg C2H4 

eq 
1.05E-04 

Smog 
kg O3 

eq 
2.49E-02 

Particulate 

matter 

formation 

kg PM10 

eq 
6.03E-04 

Respiratory 

organics 

kg C2H4 

eq 
3.34E-05    

   
Agricultural 

land 

occupation 

m2a 3.57E-04 
Land 

occupation 

m2org. 

arable 

-2.06E-

03 
   

   Urban land 

occupation 
m2a -2.69E-03       

   Natural land 

transformation 
m2 3.32E-06       

   Ionising 

radiation 

kBq U235 

eq 
7.22E-04 

Ionizing 

radiation 

Bq C-14 

eq 
6.80E-02    

   Water 

depletion 
m3 4.40E-05    Abiotic 

depletion 
kg Sb eq -2.44E-07 

 

Table 27: Impact method comparison for Struvite System Case.  Results highlighted in green indicate a net environmental benefit. 

TRACI ReCiPe IMPACT 2002+ CML (Baseline) 

Impact 

category 
Unit Total 

Impact 

category 
Unit Total 

Impact 

category 
Unit Total 

Impact 

category 
Unit Total 

Ozone 

depletion 

kg 

CFC-11 

eq 

2.56E-09 
Ozone 

depletion 

kg CFC-

11 eq 
2.75E-09 

Ozone layer 

depletion 

kg CFC-11 

eq 
2.76E-09 

Ozone layer 

depletion 

(ODP) 

kg 

CFC-

11 eq 

2.76E-09 
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Global 

warming 

kg CO2 

eq 
1.82E-02 

Climate 

change 

kg CO2 

eq 
1.82E-02 

Global 

warming 
kg CO2 eq 1.81E-02 

Global 

warming 

(GWP100a) 

kg 

CO2 

eq 

1.82E-02 

Acidification 
kg SO2 

eq 
1.00E-04 

Terrestrial 

acidification 

kg SO2 

eq 
8.95E-05 

Terrestrial 

acid/nutri 
kg SO2 eq 2.73E-04 Acidification 

kg 

SO2 eq 
1.02E-04 

Eutrophication kg N eq -1.32E-04 
Marine 

eutrophication 
kg N eq 3.45E-07 

Aquatic 

acidification 
kg SO2 eq 1.00E-04    

   Freshwater 

eutrophication 
kg P eq -1.19E-05 

Aquatic 

eutrophication 

kg PO4 P-

lim 
-5.01E-05 Eutrophication 

kg 

PO4--- 

eq 

-5.23E-05 

Ecotoxicity CTUe -1.42E-01 
Terrestrial 

ecotoxicity 

kg 1,4-

DB eq 
-3.82E-06 

Terrestrial 

ecotoxicity 

kg TEG 

soil 
-2.12E-01 

Terrestrial 

ecotoxicity 

kg 1,4-

DB eq 
-5.31E-05 

   Freshwater 

ecotoxicity 

kg 1,4-

DB eq 
-1.50E-04 

Aquatic 

ecotoxicity 

kg TEG 

water 
-3.63E+00 

Fresh water 

aquatic 

ecotox. 

kg 1,4-

DB eq 
-3.45E-03 

Carcinogenics CTUh -1.09E-09 
Marine 

ecotoxicity 

kg 1,4-

DB eq 
-1.59E-04 Carcinogens 

kg C2H3Cl 

eq 
2.38E-04 

Marine 

aquatic 

ecotoxicity 

kg 1,4-

DB eq 
-1.79E+01 

Non 

carcinogenics 
CTUh -6.52E-09 

Human 

toxicity 

kg 1,4-

DB eq 
-5.29E-03 

Non-

carcinogens 

kg C2H3Cl 

eq 
-2.97E-04 

Human 

toxicity 

kg 1,4-

DB eq 
-4.11E-03 

   Metal 

depletion 
kg Fe eq -1.23E-03 

Mineral 

extraction 
MJ surplus -1.54E-03    

Fossil fuel 

depletion 

MJ 

surplus 
-5.37E-03 

Fossil 

depletion 
kg oil eq 4.89E-03 

Non-

renewable 

energy 

MJ primary 2.15E-01 

Abiotic 

depletion 

(fossil fuels) 

MJ 2.15E-01 

Respiratory 

effects 

kg 

PM2.5 

eq 

-5.19E-06 

Photochemical 

oxidant 

formation 

kg 

NMVOC 
4.62E-05 

Respiratory 

inorganics 

kg PM2.5 

eq 
3.76E-06 

Photochemical 

oxidation 

kg 

C2H4 

eq 

3.55E-06 

Smog 
kg O3 

eq 
1.04E-03 

Particulate 

matter 

formation 

kg PM10 

eq 
5.64E-06 

Respiratory 

organics 

kg C2H4 

eq 
-3.84E-07    

   
Agricultural 

land 

occupation 

m2a -3.42E-04 
Land 

occupation 

m2org. 

arable 
-2.21E-03    

   Urban land 

occupation 
m2a -2.77E-03       

   Natural land 

transformation 
m2 -3.32E-06       

   Ionising 

radiation 

kBq U235 

eq 
-6.04E-04 

Ionizing 

radiation 
Bq C-14 eq -2.48E+14    

   Water 

depletion 
m3 -3.20E-04    Abiotic 

depletion 

kg Sb 

eq 
-3.75E-07 
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Appendix C 

 

1. Literature Review: 

Studies not Included in Analysis 

[116] – Focuses on nutrient reduction from nutrient trading programs in the United States. 

[117] – Details a management plan for improving water quality in Onota Lake in Pittsfield, MA 

including dealing with internal P loading.  However, there was not enough information 

to accurately calculate or estimate P reduction or removal for recommended projects. 

[118] – Focuses on controlling internal P loading in Lakes Kohlman and Keller in Minnesota 

through alum treatment or sediment dredging. Not enough information provided to 

calculate or estimate P removal or reduction. 

[119] – Recommendations for management of internal P loading in Cossayuna Lake in New 

York. 

[120] – News report about a supposed WTP study for nutrient reduction of residents in Ohio 

around Lake Erie.  The results were unable to be verified through a report or academic 

journal article. 

[121] - News article about limited swimming and recreation activities in Buckeye Lake due to 

algae. Insufficient data provided for any calculations. 

[122] – A WTP conducted for residents in Mississippi to reduce agricultural nonpoint pollution.  

Not enough information to calculate or estimate P reduction. 

[123] – P management plant for Lake Stevens in the City of Lake Stevens, WA to control and 

reduce internal P and loading.  Insufficient information and data was provided for 

calculations of P removal or reduction. 

[124] - Assessment of the feasibility of alum treatment and sediment dredging in Lake Lawrence 

in Thurston County, WA to reduce bioavailable P and help control algae blooms. 

[125] – Focuses on economic impacts as a result of the Clean Water Act. Surveys potential 

impacts not specific improvements. 

[126] – A Norwegian study of nutrient management activities to reducing P run-off form non-

point agricultural sources. 

[127] – Details a homeowner incentive program to provide funding for small scale household or 

neighborhood nutrient management projects.  
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Table 28: Price per kg of P. 

Source Location Notes Method 
Original 

Price/Year 

Reduction 

in P (kg) 

Price 

(2017 USD) 
Unit 

[103] 
Minnesota 

(MN) 

Mail survey of households in the counties of the 

Minnesota River basin plus Ramsey county.  

Residents would pay $140 for a 40% reduction in 

phosphorus load entering the Minnesota River from 

pre-1980 levels. 

WTP $140 (1997) 1.22E+06 0.00018 

per kg P 

reduction 

annually 

[67] 
Minnesota 

(MN) 

Contingent valuation estimating WTP for water 

quality improvements (40% reduction in P pollution) 

in the Minnesota River as an increase in state income 

tax excluding those that "protest" (respond $0). 

WTP 
$14.07 

(1997) 
2.03E+06 0.000018 

per kg P 

reduction 

annually 

[67] 
Minnesota 

(MN) 

Contingent valuation estimating WTP for water 

quality improvements (40% reduction in P pollution) 

in the Minnesota River as an increase in state income 

tax including respondents who "protest" (respond 

$0). 

WTP 
$10.44 

(1997) 
2.03E+06 0.000013 

per kg P 

reduction 

annually 

[67] 
Minnesota 

(MN) 

Contingent valuation estimating WTP for water 

quality improvements (40% reduction in P pollution) 

in the Minnesota River as a water bill surcharge 

excluding those who "protest" (respond $0) 

WTP 
$19.64 

(1997) 
2.03E+06 0.000025 

per kg P 

reduction 

annually 

[67] 
Minnesota 

(MN) 

Contingent valuation estimating WTP for water 

quality improvements (40% reduction in P pollution) 

in the Minnesota River as a water bill surcharge 

including those who “protest” (respond $0) 

WTP 
$10.83 

(1997) 
2.03E+06 0.000014 

per kg P 

reduction 

annually 
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[69] 
Wisconsin 

(WI) 

Contingent valuation survey of Wisconsin residents’ 

willingness to pay for a proposed government 

program to reduce frequency of algae blooms. 

WTP 
$353.53 

(2001) 
1.70E+04 0.03 

per kg P 

reduction 

annually 

[70] 
Minnesota 

(MN) 

Restoration* of impaired waters in the Gull Lake 

Chain in the Crow Wing River Watershed (near 

Brainerd, MN).  Contingent valuation survey of what 

a household is willing to pay for a nutrient reduction 

policy. Estimated $296 WTP for the policy. 

WTP $296 (2008) 1.00E+02 3.36 
per kg P 

removed 

[70] 
Minnesota 

(MN) 

Restoration* of impaired waters in the Sauk River 

Chain of Lakes in the Sauk River Watershed (near 

Cold Spring, MN). Contingent valuation survey of 

what a household is willing to pay for a nutrient 

reduction policy. Estimated $11 WTP for the policy. 

WTP $11 (2008) 4.17E+03 0.0030 
per kg P 

removed 

[65] 
Florida 

(FL) 

Cost effectiveness of the enhanced P removal 

technology Managed Aquatic Plant Systems 

(MAPS) from a demonstrated operation reducing P 

from 300 to 155 ppb. 

Mitigation & 

Restoration 

$24 per kg P 

(2004) 
- 31.97 

per kg P 

removed 

[65] 
Florida 

(FL) 

Cost effectiveness of the enhanced P removal 

technology Wetland Stormwater Treatment Areas 

(STAs) in Central Florida reducing P from 540 ppb 

to 40 ppb. 

Mitigation & 

Restoration 

$77 per kg P 

(2004) 
- 102.56 

per kg P 

removed 

[65] 
Florida 

(FL) 

Cost effectiveness of the enhanced P removal 

technology STAs in South Florida reducing P from 

40-180 ppb down to 10 ppb.  

Mitigation & 

Restoration 

$268 per kg 

P (2004) 
- 356.98 

per kg P 

removed $1346 per 

kg P (2004) 
- 1792.87 
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[104] 
Washington 

(WA) 

Cost of a whole lake alum treatment for Lake Hicks 

to reduce P and control cyanobacteria blooms. 

Mitigation & 

Restoration 

$46582.1 

(2005) 
3.16E+01 1847.75 

per kg P 

reduced 

[105] 

South 

Dakota 

(SD) 

Three years of annual alum treatments and 

monitoring for Lake Mitchell (year 1). 

Mitigation & 

Restoration 

$186679 

(2002) 
1.67E+03 152.03 

per kg P 

reduced 

Three years of annual alum treatments and 

monitoring for Lake Mitchell (year 2). 

$156,879 

(2002) 
1.78E+03 119.88 

per kg P 

reduced 

Three years of annual alum treatments and 

monitoring for Lake Mitchell (year 3). 

$159,879 

(2002) 
8.70E+02 250.53 

per kg P 

reduced 

[101] 
Wisconsin 

(WI) 

Whole lake alum treatment of East Alaska Lake to 

control internal P loading. 

Mitigation & 

Restoration 

$165000 

(2011) 
1.27E+04 14.15 

per kg P 

reduced 

[102] 
Washington 

(WA) 

Whole lake sediment inactivation alum treatment in 

Lake Ketchum to control blue-green algae growth. 

Mitigation & 

Restoration 

$394000 

(2012) 
9.09E+01 4630.53 

per kg P 

reduced 

[64] 
Florida 

(FL) 

Cost effectiveness of a large-scale constructed 

treatment wetland at Lake Apopka, Florida. 

Mitigation & 

Restoration 

$177 per kg 

P (2012) 
2.60E+03 189.04 

per kg P 

removed 

[106] 
Minnesota 

(MN) 

Alum treatment of Twin Lake to control internal P 

loading from lake sediment. (10 year minimum).  Mitigation & 

Restoration 

$148000 

(2013) 
1.10E+03 141.84 

per kg P 

reduced Alum treatment of Twin Lake to control internal P 

loading from lake sediment. (20 year maximum). 

$148000 

(2013) 
2.20E+03 70.92 

[107] 
Wisconsin 

(WI) 

Lake wide alum treatment of Cedar Lake to control 

algae growth, and improve water quality to a level 

where it can be removed from the impaired water list 

in Wisconsin. 

Mitigation & 

Restoration 

$2200000 

(2014) 
7.32E+03 311.13 

per kg P 

reduced 
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[108] 
Washington 

(WA) 

Alum treatment of Green Lake to control 

cyanobacteria growth (blue-green algae)  

Mitigation & 

Restoration 

$700000 

(2016) 
1.87E+02 3821.93 

per kg P 

reduced 

[66] 
Wisconsin 

(WI) 

"Suck the Muck" dredging project to remove 

870,000 pounds of  legacy P from 33 miles of 

streams feeding into Dane County lakes. 

Mitigation & 

Restoration 

$12000000 

(2017) 
3.95E+05 30.41 

per kg P 

removed 

 

 

Table 29: Summary of economic effects literature evaluated. 

Source Type Description 2017 $ Notes 

[80] PV 

Implicit price of a 1-meter improvement in water clarity ranged from 

$409 (less than 1% of purchase price) to $13,146 (25% of purchase 

price). 

$657.67 price decrease from 1 

meter change in water 

clarity (secchi depth) $21,138.77 

[80] PV 

Implicit price of a 1-meter decline in water clarity ranged from $464 

(less than 1% of purchase price) to $40,241 (over 78% of purchase 

price). 

$746.11 price decrease from 1 

meter change in water 

clarity (secchi depth) $64,707.53 

[81] PV 
Northern ME (avg sale price $35,160) - $5,246 (14.9%; current and 

historical water clarity) to $10,430 (29.7%; historical water clarity) 

$8,435.57 price decrease from 1 

meter change in water 

clarity (secchi depth) $16,771.44 

[81] PV 

Lewiston/Auburn (avg sale price $96,304) - $860 (0.9%; difference in 

max clarity the year of the sale and min clarity the prior year) to $7,837 

(8.1%; percent change in clarity over the season) 

$1,382.88 price decrease from 1 

meter change in water 

clarity (secchi depth) $12,601.90 

[81] PV 
Augusta/Waterville (avg sale price $80,591) - $1,479 (1.8%; current and 

historical water clarity) to $2,641 (3.3%; historical water clarity). 

$2,378.23 price decrease from 1 

meter change in water 

clarity (secchi depth) $4,246.73 

[82] PV 
Lewiston (avg sale price $103,853) - $8,985 for subjective measure; 

$6,279 for objective measure 

$12,444.23 price decrease from 1 

meter change in water 

clarity (secchi depth) $8,696.42 

[82] PV Augusta (avg sale price $86,880) - $2,756 for subjective measure; $3,817.06 price decrease from 1 



94 
 

 

$2,600 for objective measure. 
$3,601.00 

meter change in water 

clarity (secchi depth) 

[83] PV 
Conway/Milton (average home price of $138,763, average lake size of 

1,236 acres): $1,268.24 (0.91%); 
$2,039.33 

price decrease from 1 

meter change in water 

clarity (secchi depth) 

[83] PV 
Winnepesaukee (average home price of $175,158, average lake size of 

1,879 acres): $6,122.33 (3.5%); 
$9,844.71 

price decrease from 1 

meter change in water 

clarity (secchi depth) 

[83] PV 
Derry/Amherst (average home price of $132,162, average lake size of 

213.58): $4,411.39 (3.39%); 
$7,093.52 

price decrease from 1 

meter change in water 

clarity (secchi depth) 

[83] PV 
Spofford/Greenfield (average home price of $167,105, average lake size 

of 284 acres): $11,094.09 (6.64%). 
$17,839.30 

price decrease from 1 

meter change in water 

clarity (secchi depth) 

[84] PV 
Lake-specific implicit prices (per lot) for a one-meter change in water 

clarity range between $1,294 to $402,665. (2001 dollars) 

$1,792.19 price decrease from 1 

meter change in water 

clarity (secchi depth) $557,691.03 

[85] PV 
At the mean distance to the beach,  a 1 meter change causes a 1.93% 

change in house value (mean price $111,503). 
$2,616.84 

price decrease from 1 

meter change in water 

clarity (secchi depth) 

[86] F 
PSP contamination of geoduck clams requires processing; in 1998 

necessary processing reduced revenues by $779,175 (1998 dollars). 
$1,171,879 Geoduck clams 

[86] F 
Processing of crabs due to PSP contamination caused a $204,747 loss to 

the Kodiak/Aleutian crab fishery in 1997 
$312,649 Crabs 

[88] F 
$168,000 in oyster harvesting losses for the closure days from Sept. to 

Dec. 
$256,536 Oysters 

[87] F 
49% reduction in crab harvest and lost revenues of $228,000/yr 

associated with change in DO 
$324,444 Crabs 

[89] F $2.08m lost revenues for softshell clam from April-Aug (2005 dollars) $2,610,400 Softshell clam 

[89] F $0.39m lost revenues for mussels from April-Aug (2005 dollars) $489,450 Mussels 
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[90] F 
Between 1999 and 2005, there was a brown shrimp harvest revenue 

decrease of 13.1% due to hypoxia in the Neuse River, worth $32,000. 
$47,072 Brown shrimp 

[90] F 

Between 1999 and 2005, there was a brown shrimp harvest revenue 

decrease in Pamlico Sound of 13.4% worth $1.24 million over the 7 

years 

$1,824,040 Brown Shrimp 

[88] T Total economic impact $15.98 million to $18.45 million. (2000 dollars) 
$22,739,540 

Red tide event in 

Galveston, TX resulted 

in 85 shellfish closure 

days. 
$26,254,350 

[91] T 

2001 total economic output from 5 tourism-related SIC codes compared 

to the average total economic output computed from the pre-intervention 

periods 

$3,900,717 2001 (Jan - July) and 

2003 (Jan-April) 

golden alga outbreaks $1,454,234 

[92] T 
Reduced restaurant revenues of $2.8 million (1995 dollars), per month 

(representing 29% decline). 
$4,502,400 Red Tide 

[92] T 
Reduced lodging revenues of $ $3.7 million (1995 dollars), respectively, 

per month (representing 35% decline) 
$5,949,600 Red Tide 

[93] T Reduced daily restaurant sales of $868 to $3,734 
$1,089 

Red tide 
$4,686 

[128] T Regatta canceled resulting in $600,000 loss $674,400 
Mycrocystin 

concentration 

[95] T 
A typical beach closure (2 to 5 days) at four beaches in the two counties 

results in a lost labor income of $2.1 million 
$2,389,800 HABs 

[95] T 
A typical beach closure (2 to 5 days) at four beaches in the two counties 

results in a sales impact of $5.75 million 
$6,543,500 HABs 

[96] T 

Three years of algal blooms and health advisories caused several marinas 

and boat dealers to close; reduction in revenues from area businesses 

estimated at $35 million to $45 million 

$39,340,000 Mycrocystin 

concentration 
$50,580,000 

[96] T Park revenues down more than $250,000 annually $281,000 
Mycrocystin 

concentration 
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[129] HE 

Annual marginal cost of illness: $0.020 million for low bloom levels; 

$0.13 million for high bloom levels; 39 to 218 annual emergency 

department visits. 

$22,760 annual marginal cost of 

illness 
$147,940 

[96] DW 
The estimated total costs = $12,388,700 ($3,381,200 total O&M as of 

October 2010) 
$13,924,898.80  

[99] DW 

Lake Waco Watershed Monitoring + Influent and Treated Water 

Monitoring  + Chemical Usage to Treat for Algae  + Drinking Water 

Treatment Plant Upgrades + Treatment Plant Energy Costs: 

Total Estimated Cost = $70,197,450 (2012 dollars) 

$74,970,876.60  
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2. Analysis and Results: 
 

Table 30: Payback period calculations (unless otherwise specified costs are in 2017 $). 

Source 

Value of 

P ($/kg 

P) 

kg P 

recovered 

(per year) 

Annual 

Benefits 

Annual 

O&M 

Costs 

Net Annual 

Cost 

PW Capital 

Costs 

Payback 

Period 

(years) 

[67] 0.00* 1.07E+05 $1.40 $148,961.90 -$148,960.50 $10,311,003 - 

[102] 4630.53 1.07E+05 $494,638,710.16 $148,961.90 $494,489,748.26 $10,311,003 0.02 

[106] 70.92 1.07E+05 $7,575,721.34 $148,961.90 $7,426,759.44 $10,311,003 1.39 

[66] 30.41 1.07E+05 $3,248,283.24 $148,961.90 $3,099,321.34 $10,311,003 3.33 

[69] 0.03 1.07E+05 $3,076.69 $148,961.90 -$145,885.21 $10,311,003 - 
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