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Abstract 
This thesis explores how the choice of value metrics influences the outcome of eco-efficiency 

assessments by evaluating a case study of a Danish project to upgrade a wastewater treatment plant 

(WWTP) into a wastewater resource recovery facility (WRRF).  

Located in the Copenhagen capital region, the Avedøre WWTP (RA) treats primarily municipal 

wastewater from ten municipalities, up to a capacity of 345,000 person equivalents (PE). RA treats the 

wastewater using a combination of sedimentation, biological denitrification, and chemical precipitation. 

In 2018, the Danish government issued a strategy for a transition to a circular economy, focusing on the 

recovery and recirculation of resources and the minimization of wastes. In line with these goals, a 

project known as VARGA was launched to transform a traditional WWTP into a WRRF that could be used 

as model for other WWTP to make a similar transition. VARGA consists of several different work 

packages; this thesis focuses on a package that adds a pre-filtration of carbon and solids from the 

wastewater stream and a package that introduces online monitoring and control of nitrous oxide 

emissions. 

This study evaluates the eco-efficiency of two scenarios for RA in 2025: a baseline scenario, assuming 

that the plant operates in 2025 as it does today, and a VARGA scenario, where the VARGA project work 

packages have been implemented and are fully operational. For each scenario, eco-efficiency assesses 

both the environmental impact and product system value and relates them, establishing an indicator 

that represents value created per each unit of environmental impact.  

Typically eco-efficiency uses a combination of traditional life cycle assessment and a cost-based 

assessment. In this research, environmental impact is expressed in terms of carbon footprint and 

eutrophication potential. Investigating possible definitions of value outside of traditional costs, a 

thorough literature review was performed, and three value metrics were chosen for assessing the 

VARGA project: flexibility, defined as the ability of the plant to accommodate uncertain and growing 

future plant conditions, cost, and reliability.  

In the environmental impact assessment, VARGA showed a carbon footprint of 7762 tons of CO2-

equivalents compared to the baseline footprint of 7235 tons of CO2-equivalents. This can be attributed 

to increased resource use (chemicals, electricity, and equipment materials) and higher methane 

emissions from expanded biogas production. The contribution of chemical use to VARGA’s footprint, 

particularly ferric chloride, was surprisingly high (approximately 50% of total footprint), and the 

contribution of electricity was surprisingly low (6% of total footprint). Denmark is shifting towards fossil-

free electricity, which substantially decreases the impact of electricity on a per unit basis. Material 

footprint from the new equipment in the VARGA project is almost negligible (1%, 6% including 

transport).  

The uncertainties related to nitrous oxide emissions give VARGA an opportunity to improve its 

environmental impact. This thesis assumes a 10% reduction in emissions due to system optimization, 

but a more effective emission reduction of 50% based on the emissions level assumed in the study 

would make VARGA the more environmentally favorable scenario.  
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VARGA is not targeted at improving RA’s nutrient removal capacity. As a result, since eutrophication 

potential is based on the release of nutrients into the receiving water body, the difference in 

eutrophication potential between the two scenarios is negligible.  

In the value assessment, VARGA was determined to be more flexible and more reliable than the baseline 

scenario, but the baseline scenario is expected to be more cost-effective. Flexibility is expressed here in 

terms of the number of years that RA can operate without exceeding its design limits, assuming a 

consistent annual growth in the area. VARGA has a minimum estimated operating period of 37.7 years, 

starting in 2016, compared to a 16.0 year period for the baseline scenario. The minimum period is based 

on the total nitrogen capacity of the plant, which is the limiting scenario. Separate flexibility values were 

calculated for each of the major influent parameters in order to have a holistic view of RA’s capacities 

and limits. VARGA’s improved flexibility come from volumetric efficiencies gained through both pre-

filtration and system optimization from emissions monitoring and control. In the VARGA scenario, 

capacity appears to be limited by RA’s operating permit, which allows the treatment of wastewater from 

up to 400,000 PE, as opposed to the technical capacity of the equipment.  

Due to limited data availability, cost and reliability were analyzed qualitatively using comparative rating 

assessments. VARGA is expected to have higher costs, mainly due to new equipment purchases, 

increased electricity use, and increased training needs. There is some expected revenue from expanded 

biogas production and the recovery of phosphorus products, but most likely not enough to offset the 

higher costs. The implementation of online monitoring and control contributes to plant optimization, 

which makes VARGA the more reliable scenario. If online control is not implemented, the two scenarios 

are more similar, but improved data collection and modularity still increase VARGA’s reliability relative 

to the baseline.  

When combined into eco-efficiency, VARGA is the more favorable scenario using most combinations of 

environmental and economic results. In order to compare eco-efficiency values with different units, the 

VARGA eco-efficiency for each indicator was divided by the baseline eco-efficiency, giving an eco-

efficiency ratio that indicates the overall preference between the scenarios. On average, VARGA shows a 

47% improvement over the baseline eco-efficiency, despite performing worse with respect to both costs 

and carbon footprint.  

In conclusion, although VARGA demonstrates a definitively higher eco-efficiency than the baseline 

scenario in this thesis, it is also clear that the metric that is chosen to represent the product system 

value can impact the outcome of the study. If this analysis focused on cost alone, VARGA would have 

been the unfavorable scenario between the two. 

If the long-term goal is to shift towards a circular economy, there must be a paradigm shift in the way 

that value is defined and measured. Closing the loop on a system means focusing on different aspects of 

value than the assumption of cost minimization and economic growth.   
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1. Introduction 
Wastewater treatment has a long history. Although the specific health impacts were not fully 

understood at the time, ancient civilizations constructed the first sewer systems in order to transport 

wastewater away from dense urban centers (Lofrano & Brown, 2010). Later, in the 19th century, the 

increasing association of wastewater with filth and disease led to widespread construction of sewers, 

and by the early 20th century, the first environmental protection measures and wastewater treatment 

facilities were established (Lofrano & Brown, 2010).  

As scientific developments have continued to identify the risks that wastewater poses to health and the 

environment, discharge limits and environmental protection measures have become increasingly strict. 

Unfortunately, the technological solutions needed to remove more pollutants and meet the new 

standards also require more resources – more energy, more chemicals, more land area, and more 

materials to upgrade facilities (Balkema et al., 2002; Delre, ten Hoeve, & Scheutz, 2019; Foley et al., 

2010; Mo & Zhang, 2013). This results in a tradeoff between environmental benefits of removing 

pollutants and excess nutrients and negative environmental impacts caused by resource production and 

use.  

At the same time, the changing climate and environment is bringing a new level of awareness to the 

scarcity of many natural resources, including water itself (Jacobsen, n.d.). A desire to reduce 

dependence on external inputs, both with respect to energy sources (especially fossil fuels) and 

resources (such as phosphorus), is driving innovation in the wastewater sector (DANVA, 2018; 

Hörtenhuber et al., 2015; Mo & Zhang, 2012, 2013).  

This tradeoff between increased water treatment and minimizing the use of resources calls for a 

reevaluation of what wastewater means for society and the economy, as well as the environment. In 

recent years, emphasis has shifted from simply removing nutrients from wastewater to recovering them 

(Balkema et al., 2002; Cornejo et al., 2018; Corominas et al., 2013). Within the water stream, the current 

challenge is to recover valuable nutrients while simultaneously reducing energy consumption and 

emissions.  

In Denmark, the government has released a strategy for transitioning to a circular economy: “a more 

sustainable society, where materials and products are recirculated, used for their full potential and 

waste is minimized” (Ministry of Environment and Food, 2018; Søndergaard, 2018). In addition to 

promoting a general mentality of reuse and resource efficiency, the initiative also highlights biomass as 

an opportunity for recovering value in the national economy. The Danish government aims to 

strengthen the economy by expanding the global influence of Danish “knowhow” through technological 

advancements and increased exports in the water and wastewater sectors (Thornberg & Agertved, 

2017). 

In order to transition wastewater treatment to a circular economy, leading players in the Danish water 

industry have collaborated to integrate available, proven technologies into a single holistic model for a 

wastewater resource recovery. In 2017, they launched a “lighthouse project” called VARGA, which 

stands for “Vandressource genvindings anlæg”, or “Water resource recovery facility” (WRRF), at the 

Avedøre wastewater treatment plant (“Project VARGA,” n.d.). The project aims to make the Avedøre 

plant (RA) net energy-producing, CO2-neutral, and capable of extracting phosphorus from waste for 

reuse. VARGA is comprised of six main work packages (WP) that encompass aspects of the entire waste 
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stream, from household collection of organic waste to recovery of phosphorus from incinerated sludge 

and upgraded biogas production. This thesis focuses on the wastewater treatment components of the 

system, which are addressed in the first two work packages (WP1/WP2).  

To determine whether VARGA meets its lofty goals, both the economic and environmental impacts of 

the project need to be understood. There are many tools that can be used to assess environmental and 

economic performance, and many of them, including eco-efficiency, have been previously been applied 

to wastewater treatment (Buonocore et al., 2018; Corominas et al., 2013; Garrido-Baserba et al., 2016; 

Lorenzo-Toja et al., 2015; Lorenzo-toja et al., 2018; McConville et al., 2014; Muñoz et al., 2008; Niero et 

al., 2014; Rogalla et al., 2018; Xue et al., 2016). Eco-efficiency uses a combination of life cycle 

assessment (LCA) and product system value in order to assess the environmental benefit or impact 

relative to the investment (ISO 14045, 2012). This kind of self-assessment is a valuable tool for 

reflection, decision-making, and optimization, which is especially important for a “lighthouse project” 

that aims to be a model for implementation at other facilities.  

 

In the field of wastewater treatment, where the tradeoff between additional treatment measures and 

the use of energy and resources is clear, multidisciplinary approaches like eco-efficiency make a lot of 

sense (Cornejo et al., 2018). By integrating different analytical tools, eco-efficiency allows operators to 

optimize investment and strategy based on minimizing overall environmental impacts.  

 

At the same time, there are limitations to standard eco-efficiency assessments, which still often take a 

traditional cost-benefit approach. Although the eco-efficiency procedure specifically allows for non-

monetary assessments of product system value, the majority of assessments still use cost-based metrics. 

Early assessments choose to specifically define the process as a combination of LCA and life cycle costing 

(Dittrich-Krämer et al., 2008; Rüdenauer et al., 2013). Other metrics can be difficult to incorporate from 

a monetary perspective, but ignoring relevant social and environmental factors can inhibit the successful 

adoption of sustainable solutions (Cornejo et al., 2018; Guest et al., 2009; Hoffrén, 2005). More recent 

studies have begun to put more emphasis on social and environmental implications (Lorenzo-Toja et al., 

2015; Manda et al., 2016; Schlör et al., 2018; Traverso et al., 2018).  

 

Depending on how the elements of the system are valued or prioritized, different levels of treatment 

could be recommended as the most cost effective or least impactful solution. As value is not a wholly 

objective concept, the understanding of how varying conditions and perspectives can impact the 

perceived benefit or profitability of the project, and of wastewater resource recovery in general, can be 

critical. Furthermore, regardless of the type of metric, there does not seem to be a mechanism or 

motivation for studies to reflect on the choice of product system value. This thesis aims both to promote 

alternative value metrics and to evaluate the impact of choosing a particular metric over another.  

 

The results of this thesis can be used in the overall evaluation of the VARGA project regarding its 

effectiveness and its applicability to other wastewater treatment plants in other environments. 

1.1. Objective and research questions 

The goal of this thesis is to consider alternative costs and values associated with wastewater and 

wastewater treatment and evaluate how they affect the outcome of an eco-efficiency assessment. A 
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scenario where the VARGA project has been fully implemented in the year 2025 will be compared to a 

baseline scenario assuming that the Avedøre Wastewater Treatment Plant will be operating in 2025 as it 

is now, adjusted for population growth in the area.  

This project will define possible value metrics for wastewater and wastewater treatment, and evaluate 

how these different value perspectives change the eco-efficiency of a WRRF. It will also consider risk 

management, both with respect to the equipment and processes involved and the uncertainties in the 

data. 

Overall, the primary research question being asked is: does the choice of value metric impact the 

overall assessment of VARGA’s eco-efficiency? Additional questions addressed by this research are 

referenced below: 

 

● How is value defined with respect to wastewater and wastewater treatment? 

● Which of these possible definitions of value apply to the VARGA project?  

● What factors influence choosing a value metric to be assessed? 

● Does VARGA improve the flexibility of the plant in accommodating uncertain future input 

conditions?  

● Is it possible to make a reasonable assessment of value and/or environmental impact for partial 

systems or systems that are still being developed?  

● How is risk management integrated into eco-efficiency assessment and decision making?  

● What should Danish authorities consider when trying to implement projects like VARGA in order 

to promote a circular economy?  
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2. Background 
A fundamental focus in this work is understanding value in the wastewater treatment process. This is 

accomplished through a case study eco-efficiency assessment of a “lighthouse” project being 

implemented at Avedøre WWTP in Hvidovre, Denmark.  

2.1. Treatment plant vs. recovery facility  

Traditionally, wastewater treatment has focused on the quality of water discharged to the environment, 

removing pollutants at an increasingly stringent level (Guest et al., 2009). In recent years, more 

attention has been paid to the fate of these pollutants, especially nutrients such as nitrogen, 

phosphorus, and carbon. High levels of nitrogen and phosphorus in discharge contribute to 

eutrophication in receiving waters, which damages local ecosystems. If removed from the waste stream 

and recovered properly, these nutrients can instead replace chemical fertilizers and fossil fuels. 

Through land application of sewage sludge, nutrients can be recovered indirectly as fertilizer. Sludge 

also contains heavy metals and other compounds, however, which can make it inappropriate for use 

with sensitive crops or environments (Cohen, 2018). Alternatively, nitrogen and phosphorus can be 

directly extracted from the waste.  

Due to diminishing natural reserves, phosphorus is a primary focus for resource recovery from 

wastewater (Hörtenhuber et al., 2015). Some countries have even begun to mandate phosphorus 

recovery and recycling (Cohen, 2018; Kabbe, 2016; The Swiss Federal Council, 2015). Phosphorus is 

removed from the wastewater stream by either biological or chemical processes. A key difference 

between wastewater treatment and resource recovery philosophy is what happens to the phosphorus 

once it is removed from the process water.  

When the focus is on disposal, the sewage sludge, which includes the bulk of the phosphorus, is either 

incinerated or sent to a landfill. Ashes from incineration are typically also landfilled. In recent years, as 

the focus has shifted, different technologies have been developed that can recover phosphorus from 

both sludge and ash and recycle it to a useful form. Although recovered phosphorus is commonly used 

for fertilizer, it can be recycled into other products as well (Ohtake, 2018). 

Direct recovery of nitrogen is still under development, but there are still easily attainable efficiency gains 

within the nitrogen removal process. For example, anammox reactors can remove comparable levels of 

nitrogen from wastewater using both less energy and less carbon than traditional biological 

denitrification. Anammox is a type of denitrification process where the ammonia is oxidized directly, 

eliminating the biological need for carbon and oxygen in the process (Daigger, 2017). This frees up 

carbon to be used for biogas and reduces the aeration requirements for nitrogen removal, which can 

have a significant impact on plant energy use. 

The concept of resource recovery includes the entire process – it often focuses on nutrient resources; 

however, the reclamation of energy, heat, and water can be critical. In the US, it is estimated that 

WWTPs use about 3% of national electricity and 20% of municipal public utility energy use (Mo & Zhang, 

2012). WRRF can recover energy and heat through anaerobic digestion of waste sludge and household 

organic waste, and/or through incineration of the residual byproducts.  
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2.2. Case study 

Rather than consider an entirely new plant design, VARGA seeks to upgrade an existing plant to help it 

meet the goals of the future. VARGA is a complex undertaking; in addition to introducing some new 

technologies, the project aims to integrate many different components into one environmentally 

friendly package that can hopefully be applied at other WWTP.  

2.2.1. Renseanlæg Avedøre 

Renseanlæg Avedøre (RA) is a municipal WWTP in the Copenhagen capital region. It is located in 

Hvidovre, which is southwest of the city. The contributing catchment area for RA can be seen in Figure 1. 

In 2018, the plant treated 22.57 million m3 of wastewater (BIOFOS, 2018) from 10 municipalities 

(Rasmussen & Skytte, 2016). About 80% of the flow comes from separated household sewer lines, while 

the rest comes from local industry and combined stormwater and sewer pipes (Guildal, 2019; 

Rasmussen & Skytte, 2016). Designed for a capacity of 345,000 person equivalents (PE), RA handled 

waste from approximately 275,000 PE in 2016 (Rasmussen & Skytte, 2016). The plant is equipped with 

overflow basins totaling 190,000 m3 in order to accommodate fluctuations in incoming flows, including 

heavy rain conditions (Guildal, 2019).  

 

Figure 1: Map of catchment area for RA and other BIOFOS facilities (Rasmussen & Skytte, 2016) 
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Because RA has a capacity of more than 100,000 PE, it is considered the largest category of WWTP by 

Danish standards, and must therefore meet the strictest discharge limits (Miljøstyrelsen, 2017). The 

allowable discharge limits for the plant effluent are shown below in Table 1.  

Table 1: Wastewater discharge limits for Denmark (Miljøstyrelsen, 2017) 

Parameter Limit value (mg/l) 

BOD5 10 

COD 75 

NH3+NH4-N 5 

Total Phosphorus 1.5 

 

As shown in Figure 2, the influent wastewater first passes through a filter that removes grease and grit, 

then continues to the primary clarifiers, where relatively heavy solids settle to the bottom of the tanks 

and are removed as primary sludge. Next, the wastewater flows to the aeration basins for secondary 

treatment. The secondary treatment consists of a BioDeNitro process. Each aeration basin contains two 

reactors, which alternate between anoxic and aerobic conditions. During the aerobic nitrification phase, 

ammonia in the wastewater is converted first to nitrite (NO2) and then to nitrate (NO3). Under anoxic 

conditions, denitrification takes place, and nitrate is converted to nitrogen gas, which then escapes into 

the air. Some raw wastewater is added during denitrification to provide an additional carbon source for 

the denitrifying bacteria (Yoshida, Mønster, & Scheutz, 2014). The transitions from anoxic to aerobic 

conditions are controlled by an automated system that makes adjustments based on the nitrogen loads 

in the water and the concentration of different nitrogen species.  

At the outlet of the aeration basins, ferric chloride is added to the wastewater. This aids in flocculation, 

improving settling in the secondary clarifiers and removing the remaining phosphorus from the water. 

About 60% of the phosphorus is removed biologically, and the rest is removed chemically (Guildal, 

2019). After secondary sedimentation, the treated water is pumped 1.1 km to a discharge point in Køge 

Bugt.  

Primary and secondary sludge is pumped to anaerobic digesters, which generate biogas that is used for 

heat and electricity on site (Yoshida, Mønster, et al., 2014). Biogas that exceeds RA’s internal needs is 

sold externally. The ashes from the incinerated sludge are stored in a controlled area on site.  
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Figure 2: Flow diagram of the major processes at the Avedøre WWTP (Guildal, 2019) 

2.2.2. VARGA 

In 2018, the Danish government released its strategy to transition to a circular economy (Ministry of 

Environment and Food, 2018; Søndergaard, 2018). Project VARGA is being implemented at RA in order 

to work towards these goals and shift the focus of wastewater treatment from pollutant removal to 

resource recovery. Furthermore, if successful, VARGA could provide a model for other wastewater 

treatment plants, both within Denmark and abroad, to reduce their footprints.  

The goals set forth by VARGA are to transform RA into a facility that is CO2-neutral, net energy-

producing, and recirculates all byproducts from its processes into the economy (Thornberg & Agertved, 

2017). The project aims to develop and demonstrate a “concept for upgrading a conventional [WWTP] 

to the future [WRRF]” (“Project VARGA,” n.d.), including the integrated development of the Danish 

society and economy in order to incorporate the utilization of resources from the facility. By 

implementing this upgrade in full scale, VARGA will be “a showcase for Danish environmental 

technology in international size” (“Project VARGA,” n.d.).  

Project VARGA is broken down into several work packages (WP) that address different areas for 

improvement in resource utilization. The overall project incorporates aspects of the entire waste 

stream, from waste collection to treatment to recovery and reuse of nutrients and energy. An overview 

of VARGA can be seen in Figure 3, with the general scope of this report outlined in red. This research 
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focuses on the work packages that address the wastewater treatment components: work packages 1 

and 2 (WP1/WP2). In theory, WP4 is also part of the wastewater treatment process; however, since 

WP4 will not be realized at RA, it is not included the analysis of this study.  

 

Figure 3: VARGA project overview with work packages of interest highlighted (adapted from “Project VARGA,” n.d.) 

WP1, “Carbon harvest”, divides the wastewater stream. Instead of the primary clarifiers, 25% of the flow 

is redirected through a drum filter. This pre-filtration system removes and concentrates solids, which are 

then sent directly to the anaerobic digesters. The concentrated, carbon-rich sludge increases biogas 

production, while the reduced carbon content in the remaining wastewater increases the efficiency of 

the denitrification process. In the future, online control of the carbon harvesting can be used to optimize 

energy and emissions (“Project VARGA,” n.d.). 

WP2, “Minimization of nitrous oxide”, addresses the global warming potential of the facility through 

online monitoring and control of nitrous oxide emissions. Nitrous oxide has approximately 300 times the 

climate impact of carbon dioxide. As a result, although the total emissions of nitrous oxide from 

wastewater treatment may be comparatively small, it contributes approximately a quarter of the 

greenhouse gas footprint of the entire water chain (Kampschreur, Temmink, Kleerebezem, Jetten, & van 

Loosdrecht, 2009).  
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During the nitrogen removal process, there are many factors that influence the production of nitrous 

oxide (Kampschreur et al., 2009). Incomplete denitrification is a common contributor, as N2O is an 

intermediate in the denitrification process. The relationship between the various operating parameters 

is complex, however, and N2O can be emitted at any stage of the process. Figure 4 identifies the main 

parameters that can affect nitrous oxide production and emissions. N2O has a high mass transfer 

coefficient, and so more than 95% of generated N2O is expected to escape as emissions (Foley, de Haas, 

Yuan, & Lant, 2010). It is important to note that both excessive and insufficient aeration can negatively 

impact emissions.  

 

Figure 4: Parameters contributing to nitrous oxide emission (Kampschreur et al., 2009) 

In order to minimize emissions, WP2 establishes online monitoring and control of the BioDeNitro 

system. Four Unisense sensors were installed at RA in March 2018, two in each of two aeration basins 

(Guildal, 2019). These N2O Wastewater Sensors continuously measure the concentration of dissolved 

N2O in the water. The measurements are fed back to the plant’s STAR control system. Eventually, the 

control system will be able to make real-time adjustments to the plant parameters in order to optimize 

the BioDeNitro process. With real-time feedback, the system can reach a balance between minimizing 

aeration for energy savings and simultaneously minimizing emissions (Unisense Environment, 2019). In 

addition to aeration, nitrous oxide emissions are influenced by the carbon to nitrogen ratio; therefore, 

WP1 also plays a role in the system optimization.  

WP3, WP5, and WP6 are all related to the collection, treatment, and utilization of household organic 

waste. WP3 explores the potential of source-separate household organic waste (KOD) as a fertilizer 

product. This includes discussion with interested farmers about distribution methods and field trials 



18 
 

investigating the effects of KOD fertilizer on crop yields (“Project VARGA,” n.d.). WP5 instead enables 

the utilization of KOD for biogas production, along with select industrial waste products. Lastly, WP6 

incorporates the two. KOD is digested for biogas, which is also upgraded for maximum energy potential, 

and the resulting biopulp is distributed as fertilizer for organic farming.  

WP4 focuses on the recovery of nutrients, especially phosphorus and carbon. In addition to the carbon 

harvesting in WP1, VARGA proposes to maximize the use of carbon for biogas by installing an anammox 

plant for nitrogen removal. WP4 is not currently in scope for implementation at RA by 2025; however, 

the use of anammox is still an important part of VARGA’s proposed strategy for a circular wastewater 

economy (Appendix A; Guildal, 2019).  

Phosphorus is already recovered from some Danish WWTP; however, only about 30% of the phosphorus 

can be recycled using current techniques (“Project VARGA,” n.d.). In order to meet government targets 

of 80% recovery, additional measures are necessary. One alternative is the patented Ash2®Phos 

chemical process, which uses acid and lime to convert ash from incinerated sewage sludge into usable 

products, including high quality phosphates (Cohen, 2018). This process also extracts other useful 

products, such as ferric chloride, which is the main chemical used for phosphorus removal from the 

wastewater stream at RA.  

Overall, this transition from a WWTP to a WRRF aims to treat wastewater to the same discharge 

conditions, but with higher efficiency – better nutrient recovery using less energy and fewer resources.  

This project focuses on wastewater treatment alone; the eco-efficiency of the overall project will be 

addressed under a separate analysis. Figure 5 shows the equipment that are considered within the 

scope of this thesis, including components to be added under the VARGA project included in pink.  

 

Figure 5: An overview of the wastewater treatment process with VARGA components added in pink 

2.3. Eco-efficiency  

Eco-efficiency was first introduced as an approach that minimizes material use – using natural resources 

efficiently to reduce the environmental impacts of extraction and disposal (Hoffrén, 2005; Ichimura et 

al., 2009). It also now refers to a specific sustainability assessment methodology that calculates a 

normalized ratio of product system value to environmental impacts (Dittrich-Krämer et al., 2008; ISO 

14045, 2012). When using eco-efficiency to evaluate resource recovery, both definitions are relevant.  

 

Eco-efficiency analysis is one of many analytical decision-making tools that can be used to assess the 

relative sustainability or effectiveness of a product or system. Other tools that can be used, sometimes 
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in combination with eco-efficiency assessment, include Multi-criteria Decision Analysis (MCDA), Life 

Cycle Assessment (LCA), Cost-Benefit Analysis (CBA), exergy analysis, Life Cycle Costing (LCC), and system 

analysis (Balkema et al., 2002). There are pros and cons to each method of sustainability assessment and 

decision support. For example, MCDA and CBA typically involve a weighting system, although there is 

also then an acknowledgement of the subjectivity of value (Geldermann, 2011). LCC and CBA can easily 

improve economic sustainability, but the monetization of social and environmental externalities is still a 

work in progress (Guest et al., 2009). Eco-efficiency analysis does require quantitative results, whereas 

the other methods can sometimes be performed qualitatively.  

 

In general, sustainability assessment does not produce absolute results (Dittrich-Krämer et al., 2008; 

Geldermann, 2011). Since there is no defined threshold for what constitutes a “sustainable” product or 

process, the purpose of such an assessment is to compare alternative scenarios and determine which 

has the most favorable outcome for the stakeholders involved (Zanghelini, Cherubini, & Soares, 2018). 

The right metrics can aid in sustainable decision-making and open up new perspectives (Cornejo et al., 

2018; Hoffrén, 2005). The eco-efficiency procedure allows for any quantitative unit to be used to assess 

the product system value (ISO 14045, 2012). In the past, savings in eco-efficiency have actually resulted 

in increased consumption, neutralizing the net total benefit (Aall & Husabø, 2010; Franceschini & 

Pansera, 2015; Zwicky & Hauschild, 2015). By focusing on a wider scope of metrics, eco-efficiency can 

demonstrate different attributes that may contribute to sustainable decision-making for a circular 

economy.  

 

In the context of a truly circular economy and a sustainable society, there needs to be a paradigm shift 

in how value is defined and how business is driven. Closing the loop on a system means focusing on 

different aspects of value than the assumption of cost minimization and economic growth. Otherwise, if 

resource recovery is seen solely as an economic savings benefit, those savings may be reinvested in 

more material- or impact-intensive processes. Eco-efficiency has previously been linked to what is 

known as the “scale problem of economy”, where the expansion of the global economy neutralizes any 

positive effects of technological progress and efficiency savings (Hoffrén, 2005). By moving away from 

value metrics defined by costs and economic growth, there could be a long-term environmental benefit. 

This does not mean that costs cannot be useful metrics of a system, but that it is crucial to incorporate 

metrics related to nature and the quality of life (Reichel, 2018). 

The VARGA project is already in the implementation phase; the outcome of an eco-efficiency 

assessment will not determine whether or not the project should be carried out. Rather, assessments 

like this one can provide insight as to sensitive areas that can be optimized for RA or improved before 

implementation at another site, or if other sites should adopt this technology or methodology at all.  
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3. Materials and methods 
This thesis uses an eco-efficiency framework to evaluate the environmental and economic impacts of 

upgrading RA to a WRRF by comparing two projected scenarios in 2025. Alternative methods are used to 

expand the economic evaluation to consider societal benefits and other possible sources of value 

beyond traditional economic cost models.  

3.1. Eco-efficiency methodology 

Per the ISO procedure, eco-efficiency is a management tool which quantitatively connects the life-cycle 

environmental impacts of a product system with its value using a transparent and iterative approach. 

The main steps of the process are goal and scope definition, environmental assessment, product system 

value assessment, quantification of eco-efficiency, and interpretation (Figure 6).  

 

 
Figure 6: Phases of an eco-efficiency assessment (ISO 14045, 2012) 

The quantification of eco-efficiency is done through a simple formula, where the determined product 

system value is divided by the environmental impact (Equation 1). Both the economic and 

environmental assessment results should be normalized to a single functional unit as defined in the 

scope.  

𝑒𝑐𝑜 − 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑠𝑦𝑠𝑡𝑒𝑚 𝑣𝑎𝑙𝑢𝑒

𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙 𝑖𝑚𝑝𝑎𝑐𝑡
     (1) 

 

The more eco-efficient scenario will have a higher value, which represents either increased value for the 

same environmental impact or a reduced environmental impact for the same product system value.  
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3.2. System overview 

The first step in any sustainability or environmental impact assessment is to define the goal and scope, 

including the system boundaries (Balkema et al., 2002). For an eco-efficiency assessment, the scope 

should be the same for both the environmental and economic aspects and for all evaluated scenarios.  

3.2.1. Goal definition 

One of the major aims of the VARGA project is to create a model for upgrading conventional WWTP to a 

WRRF with a minimal footprint. The goal of this assessment is to evaluate the environmental impact and 

eco-efficiency of the VARGA/WRRF concept relative to a traditional WWTP, using RA as a case study. In 

order to meet the larger project’s aims, VARGA should create more value and/or have a lower 

environmental impact than RA does right now.  

The main stakeholders in this assessment are the entities involved in the VARGA project, including 

BIOFOS and the owner municipalities. Other relevant parties include potential end users of recovered 

materials and members of the community who are impacted by the local environment. It is crucial to 

establish and involve a target audience; their priorities drive the value-based analysis, and their 

expertise can contribute to developing an appropriate system model (Ringold et al., 2013).  

3.2.2. Scope 

This thesis is limited to the wastewater treatment elements of RA and the VARGA project, from raw 

wastewater to treated water and sludge. This means the anaerobic digesters, where biogas is produced, 

and the incinerators, where sludge is burned, are outside the scope of the analysis. Since VARGA is an 

upgrade or retrofit to the existing plant operation rather than a separate construction, the material 

flows remain almost unchanged, and the scope of the wastewater treatment is equivalent. Figure 7 

shows the system boundaries, calling attention to different flows and components with different colors. 

System elements that are added as part of the VARGA project are shown in pink; the anammox unit is 

shown in a lighter shade in order to differentiate that it is not included in the current scope of the 

project but could be added in the future.  

Traditionally, the function of a WWTP is to process water and remove pollutants. When transformed to 

a WRRF, the function shifts to include recovering materials and energy without jeopardizing the health 

and safety of the public. Understanding the mutual function of these systems serves as the basis for 

establishing both the boundaries of this assessment and its relevant functional unit (Lorenzo-Toja et al., 

2015). The functional unit is used to normalize the results and ensure comparability between the 

different scenarios (Geldermann, 2011). This study normalizes data by both Mm3 and 1000 PE. The two 

scenarios also have the advantage of being based on the same input data, which makes them fully 

comparable.  

The foreground of the system consists of the wastewater treatment process components. Background 

processes include inputs and outputs of energy, material resources, and emissions. “Material resources” 

refers to chemical additives, replacement parts, and materials for the VARGA components that are 

installed at RA. Resource recovery occurs within sludge treatment, biogas production, phosphorus 

extraction, and energy savings in the aeration process. 
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Figure 7: System boundaries 

Highlighted in blue are the baseline wastewater system components. Blue arrows represent major water 

flows, and green components represent sludge flows. As mentioned earlier, the components that are 

added as part of the VARGA scenario are shown in pink; these include the pre-filtration system, nitrous 

oxide sensors and online monitoring equipment, phosphorus removal, and a future potential anammox 

unit. The pre-filtration system includes an assumed concrete housing for the mechanical filter units. 

Although they are not part of the material flow stream, the nitrous oxide sensors are critical to the 

project and therefore included on the diagram as an annex to the aeration tanks. Biogas is denoted in 

orange, including an output to energy. A yellow box identifies where chemicals are added in the 

treatment process.  

 

The system boundary excludes initial construction and end-of-life for the facility. VARGA is a retrofit 

project, improving existing infrastructure to address environmental goals as opposed to constructing 

new facilities. Consequently, the main infrastructure is the same for both scenarios. It is expected that 

any equipment made redundant with the installation of the new VARGA equipment (e.g. one of the 

primary clarifiers and/or one of the anaerobic digesters) will be repurposed or left as is rather than 

physically removed. End-of-life disposal of infrastructure and equipment is not included in this analysis. 

 

The temporal scope of this study is considered be 20 years, starting in 2025. The time frame is relevant 

for operational inputs such as energy and chemical use and for maintenance inputs such as replacement 

parts. It is assumed that parts are recycled where possible (Guildal, 2019).  

Excluded from this study are the biogas production, including both current equipment and VARGA 

upgrades, as well as sludge treatment and disposal. This is a limitation of the research, as sludge 

application and incineration, for example, could be potentially significant contributors to the overall 

environmental impact. However, there is a tradeoff to include these factors due to limited data 



23 
 

availability and increased model complexity. Also excluded from this analysis are the disposal and 

recycling of sand and grit from the sand filters.  

3.3. Scenario definition 

The VARGA project is scheduled to be implemented by 2020 (“Project VARGA,” n.d.). In order to assess 

the impacts the project could have, this project compares two scenarios that include the conditions with 

and without VARGA.  

Both scenarios consider the plant conditions in 2025. Scenario 1, “Baseline 2025”, is the business-as-

usual scenario – if RA continued to operate using the same principles and equipment that it uses today, 

only with projected loads from 2025. Scenario 2, “VARGA 2025”, evaluates RA in 2025 including 

upgraded equipment and methods according to the VARGA project design. Based on the current status 

and guidance of the project, however, the VARGA 2025 scenario does not include anammox treatment 

or KOD collection (Guildal, 2019).  

The mass balance assumes the 2025 inputs for wastewater flow and nutrient loads are scaled from 2016 

data assuming a total growth of 8.4% between 2016 and 2025 (EnviDan A/S, 2018). It is assumed there is 

a constant population growth rate and the municipal wastewater volume and loading will scale 

proportionally to the population.  

Recorded plant data for 2017 and 2018 has also been collected as a reference. In the quickly changing 

environment of today, it is important to compare future projects with updated data as it becomes 

available.  

3.4. Environmental assessment methodology  

The ISO procedure for eco-efficiency prescribes the use of LCA for the evaluation of environmental 

impacts, pointing the assessor to the relevant international standards (ISO, 2006a, 2006b; ISO 14045, 

2012). LCA has the advantage of providing a holistic picture of environmental impacts across all phases 

of system life, from construction to operation to end-of-life. However, this holistic approach requires a 

large quantity of data and a potential abstraction of results (Balkema et al., 2002). A full LCA is not 

necessary in order to understand the major impacts (Levy, 2017). Instead, this thesis assesses 

environmental impacts using a “light” LCA, highlighting a few relevant indicators rather than generating 

a combined score. A continuing study of the eco-efficiency of VARGA will address the overall LCA of the 

project using EASETECH. EASETECH is an LCA software program that was developed primarily to examine 

the impact of complex systems handling heterogeneous material flows, including resource use and 

recovery and environmental emissions (Damgaard, 2019). The software incorporates several 

recommended standard impact categories; Table 2 lists examples of impact categories that can be 

applied, highlighting the two that are addressed in this report.  

Previous eco-efficiency studies for WWTP have identified the importance of energy use, toxicity (from 

sludge disposal or land application), and global warming potential (Lorenzo-Toja et al., 2015; Rogalla et 

al., 2018). Global warming potential, or climate change, includes both direct emissions of greenhouse 

gases and indirect carbon footprint from electricity and materials usage. Climate change is one of the 

indicators considered in this study. Measured as kg CO2-equivalents, this indicator is here referred to as 

carbon footprint. The second indicator of interest is marine eutrophication, which is affected by the 
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removal or discharge of nutrients into a marine environment. Eutrophication potential from WWTP 

discharge is the main environmental impact for many plants, despite effective treatment of the 

wastewater stream (Lorenzo-Toja et al., 2015).  
 

Table 2: Example impact categories included in EASETECH (Damgaard, 2019) 

Impact categories 

Climate change 

Ozone depletion 

Terrestrial acidification 

Freshwater eutrophication 

Marine eutrophication 

Human toxicity 

Photochemical ozone formation 

Particulate matter formation 

Terrestrial eco-toxicity 

Freshwater eco-toxicity 

Marine eco-toxicity 

Ionizing radiation 

Metal depletion 

Fossil depletion 
 

Because the scope of this research is constrained to the wastewater treatment parts of the facility, it is 

reasonable to ignore indicators such as ionizing radiation and those related to air pollution, including 

ozone depletion, particulate matter formation, and photochemical ozone formation. Furthermore, 

terrestrial eutrophication and eco-toxicity are excluded because sludge disposal is outside of the system 

boundary, and freshwater eutrophication and eco-toxicity are excluded because RA discharges into a 

marine environment. This is not to say that these factors are important to assess, but in the interest of 

the limited time and scope of this analysis, they have assumed to vary minimally between the two 

scenarios. Similarly, human and marine toxicity are excluded due to the assumption that RA will 

continue to meet legal limits for the discharge of potentially hazardous substances regardless of the 

implementation of VARGA.  

 

Lastly, metal and fossil depletion are covered indirectly through carbon footprint accounting but are 

ignored as independent indicators. This is a limitation of the analysis, but as the construction of the 

existing facility is outside the scope of the assessment, material impacts are not expected to be a 

significant contributor to the overall sustainability.  

 

An environmental impact assessment follows the same general approach of LCA or other types of 

sustainability assessment. Figure 8 outlines the major phases: goal & scope definition, inventory 

analysis, impact assessment, and optimization & results (Balkema et al., 2002). Although the diagram 

implies a linear process, any impact assessment should have an iterative nature. The last phase critically 

integrates findings from different indicators, looking for tradeoffs and opportunities for revision and 

improvement (Balkema et al., 2002).  
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Figure 8: Steps of an environmental assessment (inspired by Balkema et al., 2002) 

The goal and scope for the environmental impact are the same as those described in section 3.2. 

Inventory analysis and impact assessment will be addressed in sections 3.4.1, 3.4.2, and 3.4.3, 

respectively. 

3.4.1. Data inventory 

The data for the material flows and plant processes was collected from BIOFOS where possible in order 

to stay true to the actual plant conditions. Mass balance projections and planning reports developed by 

the VARGA project team were provided at the outset of the project, and other data came from publicly 

available environmental reports and the official VARGA website. Some information was also acquired 

through correspondence with plant personnel. The mass balance projects assume a total growth of 8.4% 

from 2016 to 2025. This growth rate is applied to all of the major inputs, including flow rate and nutrient 

loading.  

The differences between the baseline scenario and the VARGA scenario are manifested in the 

installation of a pre-filtration system and the addition of real-time nitrous oxide monitors to the aeration 

tanks. It is assumed that 25% by volume of the wastewater flow will be directed through the pre-filter, 

and that the sludge from the filter will be routed separately for treatment and digestion. Calculations 

involving pre-filtration assume the use of Salsnes SF6000 filters, although the project team is still 

evaluating alternatives for implementation. Based on the projected volumetric flow rate, it is estimated 

that three filter units will be needed to accommodate 25% of typical flow (Appendix C; Salsnes, 2017).  

 

BIOFOS estimates greenhouse gas emissions from both RA and their other WWTP; however, there is 

currently no installed online monitoring. As a result, emissions of methane and nitrous oxide were 

extrapolated based on known data and conversion rates from literature. A study performed at RA 

showed that fugitive methane emissions are mainly related to biogas production; other areas of the 

plant were found to have a negligible contribution to total CH4 emissions (Yoshida, Mønster, et al., 

2014). While operating in steady state conditions, the loss of CH4 was identified to be 2.1-4.4% of the 

biogas generated. Losses up to approximately 30% could be observed during periods of operational 

difficulty. In order to represent a realistic but slightly conservative scenario, it was assumed for this 

study that 4% of generated biogas by volume would be lost as fugitive methane emissions.  
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Nitrous oxide emissions can be difficult to quantify, which is one of the drivers for WP2. The previous 

study found a range of N2O emissions from the detection limit up to 4.27% of influent nitrogen (Yoshida, 

Mønster, et al., 2014). In 2016, RA reported nitrous oxide emissions of 4.6 tons, based on measurements 

taken at Lynetten WWTP and scaled appropriately (Guildal, 2019). This value falls within the range 

specified by Yoshida et al. and was therefore adopted as a reference point for this research. The 2016 

value of 4.6 tons was projected to 2025 using the same 8.4% growth factor that was applied to the rest 

of the mass balance.  

 

Electricity use is metered at RA; however, the data is mainly available on the site level. Energy used 

specifically for the wastewater treatment components is assumed to consist primarily of electricity used 

for aeration and filtration and is estimated as such. Biogas production is closely monitored; the data is 

simply scaled from available 2016 data. Yearly sums of chemical and polymer usage are well 

documented by RA. Future dosages have been calculated within the mass balance based on projected 

suspended solids content.  

 

Estimated phosphorus recovery is also documented in the mass balance (EnviDan A/S, 2018). The 

Ash2®Phos system claims a recovery rate of greater than 90% (Cohen, 2018).  

3.4.2. Carbon footprint  

The carbon footprint of a product or process refers to the total set of greenhouse gas (GHG) emissions 

that result from the entire life cycle of the product or process, either directly or indirectly (Parravicini, 

Svardal, & Krampe, 2016). GHG that are directly emitted from WWTP include methane (CH4), nitrous 

oxide (N2O), and carbon dioxide (CO2). Carbon dioxide created by the breakdown of organic material is 

classified as biogenic CO2, which is typically ignored as a GHG because it is part of the normal carbon 

cycle and therefore climate neutral (Delre et al., 2019; Parravicini et al., 2016). Past studies have found 

that direct GHG emissions are the largest contributor to carbon footprint (Delre et al., 2019; Gustavsson 

& Tumlin, 2013). 

Indirectly, GHG emissions come mainly from electricity consumption, but can also be due to the 

production of goods and chemicals used in the treatment process, fuels used for material transport, and 

disposal of goods and byproducts, such as sewage sludge (Parravicini et al., 2016).  

Carbon footprint is calculated as the sum of CO2 equivalents from both direct and indirect sources 

(Equation 2). In the equation, CFi refers to the characterization factor for each input source, in units of 

kg CO2 equivalent per unit of input. The characterization factor is multiplied by ui, which represents the 

total quantity of input. The sum total is measured in kg CO2 equivalents per year.  

𝑐𝑎𝑟𝑏𝑜𝑛 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 =  ∑ (𝑢𝑖 ∗ 𝐶𝐹𝑖)𝑖     (2) 

 

Table 3 lists the inputs to this carbon footprint assessment, including their relevant characterization 

factors. The characterization factors used for direct GHG emissions come from the latest IPCC report. 

The values for the chemicals used at RA came from literature, as referenced in the table.  
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Table 3: Characterization factors (CF) for carbon footprint assessment 

Contributor CF /year Unit Source 

Carbon dioxide emissions 1* kg CO2-eq./kg CO2 IPCC, 2016 

Methane emissions 28 kg CO2-eq./kg CH4 IPCC, 2016 

Nitrous oxide emissions 265 kg CO2-eq./kg N2O IPCC, 2016 

Electricity consumption 0.115 kg CO2-eq./kWh Energistyrelsen, 2014 

Ferric chloride production 2.71 kg CO2-eq./kg FeCl3 Ashrafi, 2012 

Polymer production 1.5 kg CO2-eq./kg polymer Chai et al., 2015 

Prefilter materials 23,003 kg CO2-eq./filter unit Salsnes, 2017 

Sensor materials 2185 kg CO2-eq./sensor Appendix H 

Road transport 0.062 kg CO2-eq./t*km CEFIC & ECTA, 2011 

Air transport 0.602 kg CO2-eq./t*km CEFIC & ECTA, 2011 

*Biogenic CO2 produced from organic waste is not included in carbon footprint accounting 

 

An average characterization factor for electricity consumption was obtained from Energistyrelsen’s 

projections regarding the Danish energy supply mix in 2025 (Appendix D). For reference, separate 

characterization factors were calculated using the 2017 Danish energy mix and carbon footprint factors 

from literature for each type of energy source (Appendix E). Because the Danish government has set 

goals to transition to a fossil-free country, the proportion of renewable energy is increase to change 

between now and 2025. See Figure 9 for a breakdown of the 2017 energy mix – note that fossil fuels 

make up approximately a quarter of the total energy. Understandably, the CF calculated from 2017 

electricity production is higher than the 2025 projection. For the initial assessment, the 2025 projection 

value was used. 

 
Figure 9: Danish energy mix in 2017 (Energistyrelsen, 2018) 

As mentioned in section 3.2.2, the majority of the plant construction and materials are excluded from 

this analysis. For consistency’s sake, however, the impact of the additional equipment required for the 

VARGA project is included. The CF for the pre-filtration comes from manufacturer documentation, 
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assuming the use of Salsnes SF6000 filter units (Salsnes, 2017), whereas the CF for the Unisense nitrous 

oxide sensors was estimated based on manufacturer specifications and material impacts (Appendix H; 

Hach, 2016; Sanghvi Overseas, Inc., 2017; UK Department for Business, Energy, and Industrial Strategy, 

2019; Unisense Environment, 2019). The transport category refers to the transport required to deliver 

the new equipment, and therefore it is calculated assuming the distance to RA from the distributor. The 

pre-filtration unit is assumed to be sourced from the manufacturer in Sweden, whereas the sensors are 

assumed to ship via air from the Unisense distributor in Shanghai. The CF comes from a guidance 

document for freight transport (CEFIC & ECTA, 2011).  

3.4.3. Eutrophication potential  

Treated wastewater from RA discharges approximately 1 km out into Køge Bugt (Guildal, 2019). In soil 

and salt water, nitrogen is typically the limiting nutrient, whereas phosphorus is limiting in most 

freshwater environments (Haselbach & Langfitt, 2015). Consequently, nitrogen is the element of 

concern in discharge from RA, since Køge Bugt is a marine environment. Eutrophication potential is a 

measure of the nutrient loading available to the receiving environment. Excessive discharge of nutrients 

can result in elevated biological activity, such as algal blooms, that decreases the oxygen content in the 

water and negatively impacts the native ecosystem (Haselbach & Langfitt, 2015).  

𝐸𝑃 =  ∑ (𝑚𝑖𝑖 ∗  𝐸𝑃𝑖)     (3) 

 

Total eutrophication potential is determined as a sum of the individual eutrophication potentials of each 

unit of inventory flow, i, expressed in kg N-equivalents (Equation 3). EPi represents the quantity in kg of 

nitrogen that has the same eutrophication potential as one kg of each substance, which is multiplied by 

the mass, mi, in kg (Table 4). In addition to nitrogen and phosphorus, BOD and COD can be considered as 

having EP because they directly contribute to the endpoint effects of oxygen depletion. Because BOD 

and COD are related, only one should be included in the calculation.  

 
Table 4: Eutrophication Potential (EP) characterization factors (Haselbach & Langfitt, 2015) 

1 kg of substance EP (kg N-eq) 

Ammonia (to water)  0.78 

Ammonia (to air) 0.12 

Nitrogen Oxides (as NO2 to air) 0.04 

Nitrate (to water) 0.237 

BOD 0.05 

COD 0.05 

Phosphorus to air 1.12 

Phosphorus to water 7.29 

 

Note that this analysis does not consider regional specificity in this assessment, and results could vary 

based on the local receiving water.  

3.5. Value assessment 

According to the eco-efficiency procedure, product system value may be expressed in terms of 

monetary value, functional value, or “other” value (ISO 14045, 2012). It acknowledges that value is 
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subjective and can vary between stakeholders. The initial stages of this research considered the value of 

wastewater and wastewater treatment from many perspectives, including both society and the 

treatment plant operators.  

 

First, extensive literature review was performed to investigate current metrics and perspectives on the 

value of wastewater and wastewater treatment. Key search words included a combination of 

wastewater, WWTP, sludge, phosphorus, water, and resource recovery with concepts such as eco-

efficiency, value, LCA, metrics, indicators, and sustainability. Once an initial list was generated, 

brainstorming and discussion with colleagues came up with additional potential metrics. VARGA’s 

project goals and business case study were also reviewed to ensure that potential metrics specific to 

VARGA were included.  

 

The only limitation to the types of value metrics that can be used in an eco-efficiency assessment is that 

they must be able to be expressed quantitatively. Sometimes, in order to describe phenomena 

appropriately, this may involve a great deal of work, creativity, and the use of rough approximations. As 

Hoffrén says, “The challenge is to find output and input indicators that describe phenomena accurately 

and exhaustively” (Hoffrén, 2005).  

 

The quantitative value assessment(s) performed follows the scope and system boundaries defined in 

section 3.2. Values are calculated assuming a 20-year period starting in 2025.  

3.5.1. Target metrics 

Not all of these possible metrics apply in every scenario. For example, as this assessment focuses on the 

wastewater treatment work packages only, rather than sludge disposal or biogas production, the 

quantity or quality of biogas produced is not a relevant focus area. Accordingly, one of the research 

questions in this study focuses on determining which of the generated value metrics are applicable to 

VARGA. Within that subset, it was also important to choose metrics which could be analyzed within the 

scope of this thesis.  

 

In general, value metrics for an eco-efficiency assessment should be chosen based on significance, 

relevance, and comprehensiveness (Rich et al., 2018). Determination of relevance appertains to the 

objectives of the assessment, local circumstances, stakeholder priorities, and often sustainable 

development goals (Rich et al., 2018). In this assessment, metrics should meet the goals and objectives 

of BIOFOS and contribute to a circular economy. BIOFOS was consulted for input on their priorities 

during the development of this study, as they are the main stakeholders.  

 

Significance refers to the expected impacts involved in the assessment – effort in data collection and 

evaluation should be prioritized towards areas of the system where there are expected to be observable 

changes. Comprehensiveness pertains to looking at the big picture when choosing indicators, rather 

than choosing something that is only positive or only negative, for example (Rich et al., 2018). Many 

categories and indicators are also interrelated and can reflect upon one another. Table 5 offers guidance 

for choosing metrics and indicators in the form of questions and criteria to consider.  
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Table 5: Criteria to consider when choosing metrics or indicators (Rich et al., 2018) 

 
 

The target metrics that were chosen for this evaluation are cost, flexibility, and reliability, with primary 

focus on flexibility, which is considered to be the ability of the plant to adapt to larger or more uncertain 

loads in the future without additional upgrades. In addition to BIOFOS’ priorities, another factor in 

selecting metrics for this thesis was the desire to incorporate risk management into the assessment.  

 

Risk can apply to many facets of an operation, from health risk to financial risk to equipment risk to 

managing day-to-day uncertainties. Understanding and mitigating risk is an integral part of decision 

making. Functions and strategies that minimize risk and uncertainty can be value metrics in their own 

right, but they can also be inputs when choosing how to evaluate other aspects of the system.  

3.5.2. Flexibility analysis  

Once an impact category has been chosen, a quantitative indicator must be determined and calculated. 

The primary value metric evaluated in this study is the “flexibility” of the facility, or its ability to 

accommodate future growth. As described by Daigger, “the WRRF of the future must, first and 

foremost, be designed with the flexibility to adapt to a wide variety of requirements over its life” 

(Daigger, 2017). Facilities can be upgraded to expand treatment capacity; however, infrastructure 

improvements are expensive undertakings, and the ability to accommodate growth without significant 

investment is a measure of value. When designing a new facility, it is important not to oversize the 

capacity; operating significantly under capacity can have a detrimental effect on treatment efficiency. At 

the same time, since VARGA is intended as a retrofit and/or upgrade to an existing facility with a certain 

capacity, the primary concern is exceedance.  

Assessing the future performance involves a few key components: evaluating the capacity limit, 

estimating the future loads, and comparing the loads to the limit values. Since wastewater treatment 

can be limited in multiple ways, a limit value should be calculated for each major load in order to 

determine which parameters are bounding.  
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Similar to the environmental impact assessment, the first step in this analysis is to collect relevant data. 

Influent characteristics are most affected by growth and uncertainties, but effluent data can also be 

compared to regulatory discharge limits in order to ensure that the plant has margin in that respect as 

well.  

Because the results of this analysis are sensitive to the future conditions, it was decided to validate the 

2025 projections created by the VARGA project team through an independent estimation based on 

population data for the Copenhagen area from StatBank Denmark (StatBank Denmark, 2019). Influent 

loads are then calculated from the projected population using standard assumptions for nutrients 

generated per PE (Table 6). 

Table 6: Nutrients in wastewater per 1 PE (Miljøstyrelsen, 2017) 

Parameter Value (kg/year) 

BOD5 21.9 

Total Nitrogen 4.4 

Total Phosphorus 1.0 

 

Next, the designed capacity limits for RA were determined using information provided by BIOFOS about 

the current status of the facility (Guildal, 2019). Given that the plant is currently operating at a certain 

percent of its design limits, as well as the current 2018 flows, the limit values were estimated. Once the 

design limits were established, the reverse calculation could then be employed to assess the status of 

the available margin in 2025 based on 2025 flows.  

 

Although influent conditions are assumed to be the same in 2025 regardless of VARGA, the changes to 

the plant configuration will have an impact on the capacity and flexibility of the facility. Installation of 

the pre-filters will change the throughput, increasing sedimentation efficiency, and optimization from 

online control has the potential to improve treatment efficiency and thus increase capacity. 

Consequently, the VARGA scenario is expected to have a higher capacity and a greater flexibility than 

the baseline scenario.  

 

Intake volume limits for the VARGA scenario were calculated by replacing the maximum flow through 

one of the five primary clarifiers with the maximum flow through the assumed three filter units. The 

current intent is to route only 25% of the process flow through the filter units, but the limit value is 

determined solely based on technical capacity irrespective of operating decisions.  

 

Because it is unclear exactly how the new equipment will impact nutrient removal, it is initially assumed 

that nutrient removal capacity corresponds to the flow capacity. Due to the fact that RA is legally 

permitted to treat wastewater from up to 400,000 PE (Guildal, 2019), the VARGA scenario design limits 

for the nutrient loads were generated by scaling the baseline design limits up to an absolute maximum 

of loads corresponding to 400,000 PE.  

 

As a means of communicating the relationship between each scenario’s expected performance and its 

calculated limits, the margin to exceedance is calculated assuming a constant growth rate. This margin is 

expressed in terms of the number of years that the plant can operate before exceeding its designed 
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capacity. VARGA data is based on plant data from 2016; thus, the number of years is evaluated relative 

to 2016 and 2016 conditions for each parameter.  

3.5.3. Cost assessment 

Typically, eco-efficiency assessments utilize a cost assessment to represent product system value. One 

common approach is life cycle costing, which has the advantage of being a holistic appraisal of value and 

costs over the lifetime of the system. In general, cost calculations are an important part of project 

performance assessments in order to conform to today’s economic system (Hoffrén, 2005). Life cycle 

costs can be assessed by summing up the costs and savings accrued over the lifetime of the system (or 

over the 20-year scope of the analysis). This includes capital costs such as new equipment costs, 

operational costs such electricity and chemical costs, maintenance costs, savings or revenue from 

recovered resources, and incidental costs such as taxes, fees, and training costs.  

Limited by large uncertainties and unavailability of data due to the current status of the VARGA project, 

this research performs only a qualitative comparative cost assessment. For each scenario, the expected 

cost categories are compared and rated on a scale of -3 to 3 in terms of whether the category is 

expected to be a cost (negative) or a revenue (positive). The magnitude reflects the magnitude of the 

expected cost or savings, where 3 represents a major cost/revenue, 2 represents a moderate 

cost/revenue, 1 represents a minor cost/revenue, and 0 represents no costs or revenue. The cost metric 

for each scenario is expressed as the absolute inverse of the sum total of rankings. The inverse is used in 

order to convert a net cost into a net value for use in the eco-efficiency assessment.  

3.5.4. Reliability analysis  

The reliability of a system is defined as the probability that system will meet its desired function, i.e. 

remain in a non-failure state (Abd-El-Barr, 2010; Kjeldsen & Rosbjerg, 2005). Failure can refer to the 

total failure of a component to function, or it can reflect an undesired state, such as exceeding a set 

operating limit. Society counts on WWTP to be highly reliable systems – to function as designed to 

prevent pollutants from entering the local water supply and to accept and treat waste without negative 

impacts to society or the environment. Similarly, WRRF are expected to prevent waste by recovering 

resources effectively.  

As a value metric, reliability can be quantified in different ways. For example, reliability can be assessed 

in terms of equipment downtime, costs of redundant or replacement parts, percent availability of key 

equipment, treatment effectiveness, number of failures, or the service life of components, to name a 

few. Generally, reliability focuses either on risk management or economic impacts.  

The economic incentives for a reliable system are fairly straightforward. Dealing with the consequences 

of system failures costs time and money both directly and indirectly. Extreme failures that result in 

exceeding regulatory limits could also result in fines and long-term financial impacts.  

On the other hand, system reliability is closely tied with risk management. Risk is often defined as the 

product of the probability and consequence of an event. The probability aspect assesses the likelihood 

of equipment failure or certain plant conditions, while the consequence addresses the fact that not all 

failures are equivalent. Risk management involves controlling possible outcomes to avoid both high 

frequency and high consequence failures. 
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One common approach to analyzing risk and reliability is through the use of logic trees, such as fault tree 

analysis or event tree analysis (Rausand & Høyland, 2004). Fault trees display relationships between an 

undesired event, such as an accident or equipment failure, and the causes for the event (Rausand & 

Høyland, 2004). This can include any condition or interaction, including human and environmental 

factors. Conversely, event tree analysis examines the relationships between an initiating event and the 

potential outcomes or consequences (Rausand & Høyland, 2004). Event tree analysis is used more to 

examine the effectiveness of protective measures than to quantify risk or reliability (Rausand & Høyland, 

2004). Fault tree analysis can also be used to understand which processes or components are critical for 

ensuring proper operation.  

The first step in developing a fault tree analysis is to define the failure or undesired state that is being 

analyzed (Rausand & Høyland, 2004). Then, the focus is to identify and understand the function of the 

system, including relevant system flows and components. Next, possible failure modes are established 

for each component or input by reviewing maintenance history, manufacturer information, and industry 

experience. Here, failure is defined as a situation that results in the undesired state (Singh, 2014). In 

addition to understanding how a component might fail, it is also important to assess the probability that 

this failure will occur in a given timeframe, which can be determined based on how that component or 

similar components have failed in the past. Although the likelihood of failure can change with age, it 

may be reasonable to assume an unchanging failure rate. Fault trees incorporate the probabilities of all 

parts of the system through a series of logic gates that take into account whether components are 

operating in series or in parallel, and whether a single failure is sufficient to reach the undesired state or 

if multiple failures would have to occur. The output is a single combined probability of the system 

reaching the undesired state or failure, which can be used as the product system value metric.  

In this study, the goal is to compare how the implementation of VARGA changes the reliability of RA. 

Adding components and changing the plant configuration increases complexity, which also increases risk 

since there are more possible failure modes. It is recommended to avoid developing plants to have 

parallel and independent units for this reason (Daigger, 2017). At the same time, the potential for 

process optimization could improve the reliability of the current systems.  

As an example, WP1 replaces a clarifier, which is a primarily passive component, with a filter unit that 

has more moving parts, and consequently more failure modes. Due to the higher efficiency of solids 

removal, however, there could be savings in downstream processes. For WP2, miscalibration of the 

sensors or controls could result in excess aeration and elevated nitrous oxide emissions. Both new 

systems require power, which is an additional vulnerability.  

Reliability analysis is highlighted as an important metric to consider in eco-efficiency analysis as it 

incorporates risk and cost and technical effectiveness. Based on the lack of access to the detailed system 

data required to perform a full probabilistic analysis, however, a simplified comparative reliability 

assessment was performed. The description of fault tree analysis is included here as a reference for 

future studies for how more robust quantitative assessment of reliability can be used in an eco-

efficiency assessment.  

In this thesis, the relative reliability of both the baseline and VARGA scenarios are evaluated using a 

series of indicators associated with reliability. For each indicator, a point is given to the scenario which is 

expected to perform more favorably. The reliability metric is expressed as the total number of points 

attributed to each scenario.  
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3.6. Sensitivity analysis 

An analysis of the sensitivities and uncertainties is a valuable part of any study, both for understanding 

and communication. The eco-efficiency procedure actually directs the performance of a sensitivity 

analysis, especially if the results will be communicated to the public (ISO 14045, 2012). The more that 

results will be seen and used, the more important it is that the uncertainties are identified and corrected 

as much as possible.  

There are different types of uncertainty and bias that are evident in assessments like LCA or eco-

efficiency analysis. Bias is introduced as a systemic error in the assessment process; excluding a 

potentially relevant impact category from the scope of the analysis would be an example of bias (Levy, 

2017). Uncertainty is the random variability that occurs in quantitative results for a variety of reasons, 

including lack of data or the assumptions that were made (Levy, 2017).  

The sensitivity analysis for this thesis evaluates the sensitivity of parameters considered to be uncertain 

or impactful. Sensitivity is considered for each element of the analysis: environmental impact, value, and 

combined eco-efficiency. The evaluation uses a range of point values to assess the impact of the 

uncertainty as opposed to a Monte Carlo Simulation. It is recommended that future analysis incorporate 

a Monte Carlo Simulation in order to improve the robustness of the sensitivity analysis and better 

incorporate risk management.  
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4. Results and discussion 
The results for the environmental impact assessment and the value assessment(s) are addressed 

separately, and then integrated into an eco-efficiency assessment. Results from the sensitivity analysis 

will also be discussed. 

4.1. Environmental assessment results 

Wastewater process data has been collected for the two scenarios; the inputs are compared in section 

4.1.1. This data was analyzed for environmental impact, resulting in single indicator values for both 

carbon footprint (section 4.1.2.1) and eutrophication potential (section 4.1.2.2).  

4.1.1. Data inventory 

After goal and scope definition, the next step in any environmental or sustainability assessment is to 

collect data and perform an inventory analysis (Balkema et al., 2002). For a WWTP, important 

operational data includes influent and effluent parameters, electricity and resource use, and emissions.  

4.1.1.1. Wastewater parameters 

Wastewater is typically characterized by its flow and makeup – TSS, BOD/COD, total nitrogen (TN), and 

total phosphorus (TP). These parameters can be measured as concentrations, as mass loads, or in terms 

of person equivalents (PE). PE is a representative term for the pollution load that indicates the total sum 

of nutrients in the wastewater influent (from both industrial and municipal sources) in terms of the 

equivalent load produced by one person in the same time frame (Table 6). As the population in the 

contributing sewer catchment grows, the wastewater influent is expected to grow with it. Measured and 

projected data for RA from 2016, 2017, 2018, and 2025 are shown in Table 7. 

Table 7: Wastewater inflow and PE for RA (Appendix K; BIOFOS, 2018; EnviDan A/S, 2018) 

 2016 2017 2018 2025 

Inflow (Mm3/y) 25.18 27.98 22.57 27.30 

PE 275,000 277,750 280,528 300,763 

 

Although flow rate generally correlates to population, there are other factors that can impact the 

volume of water that enters RA. For example, 2018 was an unusually dry year in Scandinavia (Brandt, 

2018; DANVA, 2017; Heffron & Cereceda, 2018; Pelt, 2018), which is a possible explanation for why the 

inflow in 2018 was more than 5 million cubic meters less than the previous year. Other possible 

contributors could be an increase in the use of water-saving appliances or an exaggeration of expected 

flow due to potentially elevated conditions in 2017. Some variation is to be expected, which is a source 

of uncertainty in analysis that will be discussed later. 

All of the input values for 2025 operating parameters were calculated assuming the 8.4% growth from 

2016 to 2025 given in the mass balance (EnviDan A/S, 2018). PE values were calculated assuming a 1% 

annual growth in the local population (Appendix K). Relative to the trend set by the 2016, 2017, and 

2018 measured data, this 8.4% growth appears to demonstrate a decline. The influent parameters for 

each year are shown in Figure 10 and Figure 11; effluent parameters are documented in Figure 12.  
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Figure 10: Wastewater input parameters by year (Appendix I) 

Because the local conditions are not affected by the implementation of VARGA, the influent parameters 

are the same for both the baseline and VARGA scenarios. Consequently, only one set of values is 

displayed for 2025. Data from 2016, 2017, and 2018 are not analyzed directly as part of the eco-

efficiency assessment; however, they provide a reference for the changing conditions over time.  

 

 

Figure 11: Influent nutrient loading by year (Appendix I) 

Note that the projections for 2025 are not consistent with the general trends. Since the 2025 numbers 

are based off of data from 2016, they do not take into account the shifting conditions through 2017 and 

beyond. In recent years, the pace of change has accelerated due to an increasingly erratic climate, 

evolving government regulations, and a rapid advancement in available technology. For example, 

VARGA is not the only project happening at RA – there are plans in place to install an additional sand 
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and grit filter in order to reduce risk (Guildal, 2019). Furthermore, WP2 has already installed preliminary 

nitrous oxide sensors in two of the aeration basins, which could have an impact on plant performance. It 

is assumed, however, that the plant will meet the same discharge limits regardless of the 

implementation of VARGA. This is why Figure 12 also shows only one set of values for 2025.  

 

Figure 12: Wastewater effluent parameters by year (Appendix I) 

Considering the high variation in flow between 2017 and 2018, the nutrient loads were normalized by 

the influent volume. Figure 13 shows the influent parameters divided by the influent water volume in 

millions of cubic meters per year. Because the 2025 values were extrapolated from the 2016 values at a 

constant rate, including both flow and nutrient loads, it is unsurprising that the 2025 quantities match 

the 2016 quantities when normalized this way. The noticeable deviation in 2018 suggests that the flow 

was, in fact, abnormally low, leading to higher concentrations.  

 

Figure 13: Influent parameters normalized by flow (Appendix I) 
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The influent parameters were also normalized by PE, diving each value by 1000 PE and giving totals in 

terms of kg per year per PE, as shown in Figure 14.  

 

Figure 14: Influent parameters normalized by 1000 PE (Appendix I) 

The resulting values are consistent with the recommended standard loads per PE, which can be seen in 

Table 6 (Miljøstyrelsen, 2017). As an example, the guideline value for BOD is 21.9 kg/PE; the average 

normalized BOD value in Figure 14 is 21.7 kg/PE. It should be noted that the accuracy or consistency of 

the 2017 and 2018 data is not strictly relevant for this assessment, as all calculations are based on the 

2025 projections. Nevertheless, it is important to consider the data in context, especially with regard to 

potential uncertainties.  

4.1.1.2. Energy and electricity 

As mentioned previously, there is typically a tradeoff between treatment level and energy use. One of 

the goals set forth by the VARGA project is for RA to be a net energy-producing facility (“Project 

VARGA,” n.d.). This can be achieved by both reducing energy consumption and increasing internal 

energy production. Traditionally, the most energy-intensive part of wastewater treatment is aeration, 

making it a prime target for energy-reduction initiatives. On the other side, energy is produced on site 

through the generation of biogas from anaerobic digestion. Increased and improved biogas production 

is another main target of the VARGA project (“Project VARGA,” n.d.).  

Because the anaerobic digesters are outside the scope of this analysis, the energy component consists of 

total electricity consumption, rather than net electricity use. Biogas production is noted as an output 

and a source of methane emissions; however, no offsets in heating or electricity from biogas are 

included in the calculations. The total electricity consumption shown in Figure 15 includes electricity 

used for aeration and mixing, as well as electricity required for pre-filtration unit in the VARGA scenario. 

For the pre-filter, although the specific unit has not yet been chosen, the energy requirements for the 

different models are within an order of magnitude (Appendix B).  
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Figure 15: Energy data for RA (BIOFOS, 2018; EnviDan A/S, 2018) 

Electricity consumption is expected to increase under the VARGA scenario due to the addition of 

another energy-consuming component, even though there are also some savings from optimizing the 

aeration in WP2. Biogas production is also expected to increase due to the digestion of more 

concentrated sludge from WP1, as well as the additional work packages focused specifically on 

improving biogas output (“Project VARGA,” n.d.).  

4.1.1.3. Chemical consumption 

RA uses a number of chemicals in order to manage the biochemical wastewater treatment processes. 

The main chemical additives, which are all that are considered in this analysis, are ferric chloride and a 

polymer flocculent. Other chemicals are assumed to have a minimal impact based on infrequent usage 

or insufficient dosing quantity. For example, the usage of lab chemicals is disregarded (Thirsing, 2018). 

The other BIOFOS facilities use different combinations of chemicals, but there are no near-term plans to 

change the chemical strategy at RA (Guildal, 2019). 

Ferric chloride (FeCl3) is added to the wastewater stream at the outfall from the aeration basins to the 

secondary clarifiers. Its function is to facilitate flocculation and settling of remaining solids in the 

secondary clarifiers. The polymer is added as part of the sludge treatment and dewatering (Guildal, 

2019).  

Consumption data for both chemicals is displayed in Figure 16. Unlike most of the parameters, the 2025 

values are calculated based on the solids content at the relevant point in the process rather than scaled 

directly. The mass balance projects an increase in the amount of ferric chloride, whereas the amount of 

polymer required is projected to decrease slightly (EnviDan A/S, 2018).  
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Figure 16: Chemical consumption at RA (BIOFOS, 2018; EnviDan A/S, 2018) 

4.1.1.4. Emissions 

The major greenhouse gas emissions from wastewater treatment are methane and nitrous oxide 

(Yoshida, Mønster, et al., 2014). As mentioned earlier, carbon dioxide emissions from wastewater 

treatment are classified as biogenic and therefore carbon neutral. Methane emissions are primarily 

generated by anaerobic digestion; in this case they are calculated as an assumed percentage of biogas 

production (Yoshida, Mønster, et al., 2014). Because of this, as seen in Table 8, fugitive methane 

emissions are higher in the VARGA scenario due to increased biogas production.  

Table 8: Estimated emissions data 

Emissions Unit Baseline 2025 VARGA 2025 

Fugitive methane t/y 59 61 

Nitrous oxide t/y 4.99 4.49 

 

Nitrous oxide emissions are generated almost entirely by the BioDeNitro process (Yoshida, Mønster, et 

al., 2014). Several studies have shown that the creation and release of N2O is a complex process and can 

vary hugely depending on the operating conditions (Foley, de Haas, Yuan, et al., 2010; Kampschreur et 

al., 2009; Yoshida, Mønster, et al., 2014). The current data available for RA has been approximated 

based on measured emissions at Renseanlæg Lynetten (Guildal, 2019); however, with the 

implementation of WP2 already underway, nitrous oxide emissions can be validated by BIOFOS using 

real-time data. The baseline 2025 emissions have been extrapolated from the 2016 value of 4.6 tons of 

N2O using the same 8.4% growth that is used elsewhere in the data projections (EnviDan A/S, 2018). It is 

assumed in this thesis that VARGA reduces nitrous oxide emissions by 10% due to control and 

optimization of the aeration basins. It is likely that this reduction will be more significant, but the many 

complexities and interactions in the system make it difficult to predict with any accuracy. Preliminary 

data from WP2 shows some improvement already (Guildal, 2019), so as more data becomes available 

these results can be updated.  
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4.1.2. Impact assessment 

Evaluating the environmental impacts of a product or system is a key component in an eco-efficiency 

assessment. It is important to note that this analysis assumes normal plant operation in both scenarios, 

implying that RA meets all legal discharge limits. This study is not an assessment of a worst-case 

scenario, but rather an evaluation of everyday impacts and the impacts of implementing VARGA at RA. 

This section discusses the results of both the carbon footprint and eutrophication potential assessments. 

4.1.2.1. Carbon footprint 

This carbon footprint assessment combines the direct impacts of greenhouse gas emissions and the 

indirect impacts of electricity consumption, chemical resource use, and the production and transport of 

new equipment for VARGA WP1 & WP2 (Figure 17). VARGA has a higher carbon footprint than the 

baseline scenario, with a total of 7762 tons of CO2-equivalents per year compared to 7235 tons CO2-eq 

per year for the baseline. VARGA’s higher footprint can mainly be attributed to an increase in methane 

emissions, electricity consumption, and ferric chloride use, as well as the additional material and 

transport impact that is not applicable to the baseline scenario.  

 

 
Figure 17: Carbon footprint results (Appendix J) 

Surprisingly, approximately half of the footprint in both scenarios comes from the production of ferric 

chloride. Compared to the polymer flocculent, ferric chloride has about twice the CO2 impact (CF of 2.71 

vs. 1.5) and about twenty times the usage, and therefore it has a much higher footprint. In general, 

ferric chloride has a high unit quantity compared to most of the inputs, with more than 1300 tons of 

chemical used per year. Since carbon footprint is calculated as a product of unit quantity and equivalent 

emissions per unit, this has a significant impact on the results.  

 

There is an opportunity for investment with respect to reducing the impact from ferric chloride 

production: the Ash2®Phos system, which recovers phosphorus from incinerated sewage sludge ashes, 

also creates ferric chloride as a byproduct of the process. Closing the loop in this material chain could 

have a dramatic impact on the overall carbon footprint of RA.  
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The next most impactful category is methane, which contributes just under a quarter of the carbon 

footprint, followed by nitrous oxide emissions, which make up 18% of the baseline results and 15% of 

the VARGA scenario. Coupled with the greenhouse gas emissions is a relatively high degree of 

uncertainty. Unlike the chemicals, whose use is controlled and well-documented, the emissions are 

highly variable and difficult to measure. N2O emissions can be influenced by a variety of factors, and 

without continuous monitoring, periods of elevated emissions may go unnoticed (Yoshida, Mønster, et 

al., 2014). When combined with the large CF, this means that small changes in operating conditions 

could have a marked impact on the overall carbon footprint.  

 

This sensitivity and uncertainty is one of the drivers behind the inclusion of WP2 in the VARGA project 

(Thornberg & Agertved, 2017). The project team acknowledges that there can be huge differences in 

emissions between WWTP (Thirsing, 2018), and since the current available data for RA is based on data 

from Lynetten WWTP (Guildal, 2019), WP2 is crucial for understanding the current status and identifying 

opportunities for improvement.  

 

A main benefit of the VARGA system which cannot yet be quantified is the ability to collect data and 

monitor the systems in real time. As data becomes available from the installed N2O sensors, these 

results can be updated accordingly to reflect real plant conditions. This is especially important for the 

VARGA estimates, because there are still unknowns in terms of how well the plant processes can be 

optimized using the online monitoring.  

 

Methane, while less influenced by variations in the wastewater treatment operation, also lacks a means 

of continuous monitoring. As the anaerobic digesters age, weaknesses could develop that allow for the 

escape of more fugitive methane from the system, increasing emissions and thus the carbon footprint. 

Conversely, a robust inspection and maintenance plan, combined with monitoring, could validate and 

reduce the emissions.  

 

Electricity consumption has a remarkably small contribution to the total footprint, especially considering 

that previous CO2 accounting performed by BIOFOS indicated that electricity consumption makes up 

about half of the total footprint (Thirsing, 2018). The two assessments are not entirely comparable, 

however, since this thesis limits electricity data to specific processes rather than the site-wide 

consumption. More importantly, the two assessments utilize entirely different characterization factors 

for electricity, which comes from the expected changes in the Danish energy profile. By 2025, Denmark’s 

electricity is expected to be almost entirely produced by renewable energy sources, which have much 

lower equivalent emissions than fossil fuels. The exact percentage is unknown, but as of 2017, the 

percentage of Denmark’s electricity that comes from non-fossil fuel sources is 76% and rising. Due to the 

uncertainties in the realization of Denmark’s renewable energy goals, the impact of this characterization 

factor will be explored in the sensitivity analysis.  

 

This trend is demonstrated in the results of BIOFOS’ previous CO2 accounting at RA (Figure 18). The 

carbon footprint was calculated for 2017 and compared to the values from a 2007 reference scenario. 

The study attributes the marked reduction in the energy category partially to energy-saving initiatives at 

RA, but also to the shift towards green energy in the Danish energy sector (Thirsing, 2018). Note that the 

figure references net energy use (taking into account the offsets from biogas), rather than the total 
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energy consumption which is used in this research. Including energy savings due to biogas in this study 

would decrease the contribution of energy consumption even further.  

 

Figure 18: Previous CO2 accounting at RA (Thirsing, 2018 - translated from Danish by this author) 

For the purpose of clarity, it should be expressed that the transport category in the BIOFOS study refers 

to the internal and external transport of sludge and sludge products, whereas this study defines 

transport as the delivery of new equipment. Material impacts of new equipment for the VARGA project 

are only attributed to the VARGA scenario, which is appropriate because the plant’s function remains 

the same with and without the new equipment. Even though this has an overall negative impact on 

VARGA’s carbon footprint, the contribution of materials and transport is small compared to the rest of 

the categories.  

The BIOFOS assessment also includes NaOH as a chemical resource, which is not covered in this 

research. NaOH, or lye, is used on site (BIOFOS, 2018); however, the core data provided for this thesis 

does not include it as a mass flow (EnviDan A/S, 2018), and so it was excluded from scope.  

4.1.2.2. Eutrophication potential  

The assessment of eutrophication potential gives a measure of nutrients present in the effluent as it 

pertains to the growth of marine life in the receiving body. Since RA discharges into a marine 

environment, eutrophication is nitrogen-limited (Haselbach & Langfitt, 2015), and the results are 

presented in tons of nitrogen equivalent per year (t N-eq/y). The results can be found in Table 9. 

 
Table 9: Eutrophication potential results 

 Discharge (t/y) CF Unit Baseline 2025 VARGA 2025 

Nitrogen 106 0.237 t N-eq/t NO3 25 25 

Phosphorus 13 7.29 t N-eq/t P 95 95 

COD 618 0.05 t N-eq/t COD 31 31 

Total   t N-eq/y 151 151 
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In actuality, changes in eutrophication potential between the two scenarios are negligible. VARGA is 

assumed to produce the same quality output as the baseline scenario. As it is currently analyzed, no 

additional nutrient removal has been considered, although there is potential for improvement in this 

regard. Adjustments made to the process control as a result of WP2 have the ability to both positively 

and negatively impact the denitrification process. In theory, online monitoring and control should allow 

for overall efficiency improvements at RA and thus reduced nutrient discharge. It is important to recall 

that both scenarios assume that RA meets its legal discharge limits 100% of the time. There is no 

evidence to suggest that nutrient removal at RA is insufficient or that the calculated eutrophication 

potential is an area of concern. The results do highlight, however, that there is room for further analysis 

of the effluent, whether with respect to EP or other environmental factors such as eco-toxicity that have 

not been addressed in the VARGA analysis.  

 

Rather, the focus of VARGA is on recovering nutrients from the sludge – nutrients that have already 

been separated from the wastewater flow. Resource recovery contributes to a circular economy and 

helps to reduce environmental impacts in other areas, but it in this instance it has no effect on the 

effluent quality or the eutrophication potential.  

 

Figure 19 represents the breakdown of EP results for both the baseline and VARGA scenarios. In this 

study, based on generic CF, EP combines the potential effects of nitrogen, phosphorus, and COD 

dissolved in the plant effluent. Localized impacts may vary due to the particular makeup of the receiving 

water body.  

 

 
Figure 19: Contribution to eutrophication potential by nutrient 

The largest contributor, by far, is phosphorus, making up 63% of the indicator. Although the system in 

nitrogen-limited, phosphorus has a high CF, so much so that it dominates the results despite the 

relatively low discharge loading as well. Nitrogen actually contributes the least to the overall 

eutrophication potential. COD has minimal effect on the receiving body on a per-unit basis, but the mass 

of COD in the effluent is sufficiently higher than the nitrogen levels for it to have a higher EP.  

4.1.2.3. Summary of environmental impact 

With the current assumptions, VARGA has a larger environmental impact than the baseline scenario. 

The eutrophication potential varies by less than 1% with the implementation of VARGA. The increased 
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methane emissions resulting from expanded biogas production and the additional energy and materials 

required for the new VARGA components contribute to a carbon footprint of 7762 CO2-equivalents 

compared to the baseline 7235. 10% reduction in nitrous oxide emissions is a conservative estimate, 

however, and there is potential for VARGA to end up with a lower carbon footprint than the baseline 

scenario. If nitrous oxide emissions can be reduced by at least 50%, then the two scenarios break even, 

and VARGA becomes the preferred scenario from an environmental impact perspective.  

4.2. Value assessment results 

Completing an eco-efficiency assessment requires two parts; in addition to an environmental impact 

assessment there must be an evaluation of product system value. This research incorporates both 

quantitative and qualitative results in order to demonstrate possible alternatives to a traditional life 

cycle costing approach. Furthermore, a collection of additional potential value metrics is presented and 

discussed in section 4.4. This section presents the results of the value assessment, which is primarily an 

assessment of the system “flexibility” in both the baseline and VARGA scenarios in 2025. Flexibility is 

defined as the ability of the plant to handle uncertain and increasing input volumes due to population 

growth or other factors.  

4.2.1. Flexibility analysis results 

The goal of the flexibility analysis is to determine which scenario is better suited to accommodate 

uncertain future conditions, including higher intake volumes. Intake volume can be affected by many 

factors, including but not limited to population growth, population surges (tourist season, festivals), 

industrial growth or decoupling, heavy storms or decoupling of sewer systems, and individual water use 

or habits such as the transition to low-flow devices. These factors can affect both the volume of water 

and the nutrient loads and concentrations. In the near term, drastic shifts in influent parameters are not 

expected, but wastewater treatment is a critical piece of municipal infrastructure, and long-term vision 

is valuable. The results of this analysis are expressed in terms of margin and the period of time for which 

RA can be expected to operate without exceeding its designed capacity.  

4.2.1.1. Design limits 

The first step in testing the bounds of RA’s operation is to determine the actual designed capacity of the 

facility. The plant design was analyzed and guaranteed for 345,000 PE, but the permit allows treatment 

up to 400,000 PE (Guildal, 2019). Consequently, 400,000 PE is considered to be a hard limit regardless of 

the technical capacity. Based on these limits and a statement on the current status of RA’s operating 

margin, design limits were calculated for six main parameters: PE, influent water volume, and influent 

loads of BOD, COD, TN, and TP. Figure 20 gives a visual reference for how close each parameter is to its 

operating limit. Note that nitrogen is the current limiting nutrient at 95% of its limit.  
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Figure 20: 2018 influent values relative to RA design limits (EnviDan A/S, 2018; Guildal, 2019) 

4.2.1.2. Future conditions 

The VARGA project team analysis has estimated 2025 values assuming a total 8.4% growth from 2016 to 

2025, scaling main parameters by a factor of 1.084. Because this analysis is sensitive to this projection, it 

was decided to validate this growth rate using an independent source. Using projections from StatBank 

Denmark (StatBank Denmark, 2019), the annual growth in the Copenhagen capital region was estimated 

to be approximately 1%. Growth in the RA catchment is assumed to be proportional to growth in 

Copenhagen and the capital region, and so 2025 conditions were calculated using a 1% annual growth 

(Appendix K). The resulting values for 2025 are shown in Table 10 alongside the values projected by the 

VARGA team.  

Table 10: 2025 data projections using two different methods 

Parameter VARGA projection StatBank projection 

PE 298,100  300,763 

Water (Mm3/y) 27.30 27.34 

BOD (t/y) 6441 6587 

COD (t/y) 16,205 16,572 

TN (t/y) 1300 1323 

TP (t/y) 193 301 

 

The VARGA data is entirely based off of 2016 values. For the StatBank projection, population was scaled 

from 2016 using the 1% growth rate, and loads were calculated based on the PE (DANVA, 2017; 

Miljøstyrelsen, 2017). From 2016 to 2025, this results in a combined growth of 9.4%, which is 1% higher 

than the value assumed by the VARGA team. Consequently, the new numbers are slightly higher than 

the original values. Aside from TP, the numbers are comparable. The flexibility analysis was performed 

using both sets of data; however, the difference was determined not to be significant, varying an 

average of 2%. Because the VARGA phosphorus values are based on data from RA rather than generic 
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values, the VARGA projection TP is likely to be more accurate. Therefore, the results here use the VARGA 

projection values unless otherwise indicated.  

4.2.1.3. VARGA design limits  

The implementation of the VARGA project is expected to increase process efficiencies at RA, which 

would also increase the capacity. As a result, VARGA should be evaluated relative to a different design 

limit. The design limit for flow in the VARGA scenario is calculated by assuming that one primary clarifier 

is replaced by three Salsnes SF6000 filter units (Appendix C). It is assumed that nutrient removal capacity 

is proportional to water treatment capacity, although actual nutrient removal could vary. Process 

optimization due to monitoring and control is likely to increase nutrient removal, but the exact impacts 

are unknown. Nutrient design limits from the baseline scenario were initially increased according to the 

increase in flow capacity; however, when compared to the limit values that correspond to a permit limit 

of 400,000 PE, it was determined that the permit is the limiting scenario. The exception to this limit was 

the TN, but, since there is expected increase in nitrogen removal capacity due to WP2, the permit value 

was still chosen as the representative limit even though it was the higher of the two values. Figure 21 

shows the 2025 influent values relative to the design limit in each of the two scenarios. This shows the 

larger margin that VARGA has relative to its design limit, which allows for both larger growth and larger 

day-to-day variations without the risk of exceeding the design limits and compromising the plant 

processes.  

 

Figure 21: 2025 influent values compared to the respective calculated design limits (Appendix L) 

4.2.1.4. Flexibility metric and comparison of scenarios 

To incorporate the value results into an eco-efficiency assessment, a single quantitative indicator is 

needed. The margin demonstrated in Figure 21 was converted into years in order to more clearly 

express the benefits of higher margin. Value is here defined as the period of time, in years, that the 

plant can operate under the scenario conditions without exceeding its design limits (Figure 22). It is 

assumed that any further growth beyond that point would result in a need for significant infrastructure 
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changes and/or investments. VARGA is, in itself, an example of such an infrastructure change, which is 

reflected in the noticeable extra capacity.  

 

Figure 22: Projected period of operation before exceeding current design and permit limits (Appendix L) 

By comparing the design limit for each scenario to the 2016 values, and assuming 1% annual growth, the 

number of years of was calculated using Equation 4. Using 2016 values as the basis for the calculation 

makes 2016 the starting point of the operating period.  

# 𝑦𝑒𝑎𝑟𝑠 =  
ln (

𝑑𝑒𝑠𝑖𝑔𝑛 𝑙𝑖𝑚𝑖𝑡

2016 𝑣𝑎𝑙𝑢𝑒
)

ln (1.01)
     (4) 

Although the number of years depends on the growth rate that is used, the difference in results would 

be consistent between the two scenarios, minimizing the sensitivity. Using this metric, VARGA has a 

higher flexibility rating in every category. Nitrogen is the most limiting parameter in both scenarios, and 

phosphorus has the most margin available. BIOFOS is aware that aeration is a bottleneck in the system 

at RA (Guildal, 2019). The current setup allows for a partial bypass of the system to avoid disrupting the 

biological treatment in the event of excessive hydraulic loads. It will be interesting to see whether the 

implementation of VARGA helps alleviate this bottleneck.  

It is noteworthy that, with VARGA, RA may actually be more limited by the bounds set by its operating 

permits than by its technical and physical capacity. Should the permit be increased, however, there is 

potential for increased flexibility beyond the currently estimated values.  

VARGA is also flexible in the sense that it is easier to upgrade if needed, once the initial infrastructure is 

in place. The Salsnes filter units and more mobile and modular as a system than the concrete basins 

used for clarifiers, for example. Additionally, benefits could be seen from the use of online monitoring 

and control without needing more space or configuration changes.  

4.2.2. Cost assessment 

Due to the status of the VARGA project, there is limited cost data available, and there are large 

uncertainties associated with some of the costs specific to the wastewater treatment processes. As a 
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result, a robust quantitative cost assessment could not be performed at this time. In order to highlight 

important cost factors, a comparative evaluation of the costs of the two scenarios was performed using 

a scaled rating system. It is recommended that additional cost analysis be made as project specifics are 

finalized and data becomes available.  

The baseline and VARGA scenarios are rated on a series of cost categories using a scale from -3 to 3, 

where negative values represent costs and positive values represent revenues (Table 11). 3 refers to 

major costs or revenue, 2 represents moderate costs or revenue, 1 corresponds to minor costs or 

revenue, and 0 has no cost or revenue. Green cells indicate more profitable scenarios. Each rating is 

determined based on knowledge of system flows and typical costs for WWTP. Inverse cost, as indicated 

in the last row of the table, will be used as the input to the eco-efficiency assessment.  

Table 11: Cost assessment: the two scenarios are rated for each cost category using a scale from -3 to 3* 

Cost/savings Baseline VARGA Notes 

Electricity 
consumption 

-2 -3 Electricity is a major component of treatment costs; 
VARGA requires more electricity 

Biogas production 1 3 Biogas can be used or sold to offset costs; VARGA 
produces more and higher quality biogas 

New equipment 0 -3 No new equipment is required in the baseline scenario; 
VARGA includes material investment 

Maintenance costs -1 -2 VARGA is expected to have higher maintenance costs due 
to additional components 

Labor -2 -2 Labor costs are not expected to change 

Training  -1 -2 New equipment in the VARGA scenario will require 
additional training to operate and maintain 

Ferric chloride  -1 -1 VARGA is expected to use slightly more ferric chloride, 
however the cost is expected to be minor 

Polymer -1 -1 VARGA is expected to use slightly less polymer, however 
the cost is expected to be minor 

Phosphorus 
products 

0 2 No phosphorus is recovered in the baseline scenario; 
recovered phosphorus in VARGA can be sold for profit 

Sludge transport -1 -1 Sludge transport is not expected to change 

Taxes and fees -1 -1 Required taxes and fees are not expected to change 

Total -9 -11 VARGA is expected to have higher costs 

Cost indicator 1/9 1/11 This value will be used in the eco-efficiency assessment 
 

*(-3: major cost, -2: moderate cost, -1: minor cost, 0: no cost/revenue, 1: minor revenue, 2: moderate revenue, 3: major revenue) 

From the total of relative costs and revenues, VARGA is expected to have higher net costs than the 

baseline scenario. There are obviously limitations to this analysis, as “minor”, “moderate”, and “major” 

costs encompass large ranges that, given the relatively close result, could change the outcome of the 

assessment. Still, the comparison highlights the main differences in the economics between the two 

scenarios. Increased costs in additional equipment and the associated maintenance, training, and 

electricity required for VARGA are somewhat offset by increased biogas production and the revenues 

from phosphorus products recovered from the wastewater stream.  
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4.2.3. Reliability analysis 

Similar to the cost analysis, insufficient data was available to perform an accurate reliability assessment. 

Probabilistic reliability assessment requires an intimate knowledge of the systems and components 

involved in order to correctly characterize the relationships between failure modes and consequences. 

Fault tree analysis, as described in section 3.5.4, is recommended for future studies.  

The reliability of RA and VARGA could influence greenhouse gas emissions and the ability of the project 

to meet carbon neutral targets. Reliability losses in the digesters can increase methane emissions, and 

poor operation of aeration, including the nitrous oxide monitoring and control, can affect nitrous oxide 

emissions. Keep in mind, however, that the digesters are outside the scope of this study.  

Table 12: Reliability assessment (X denotes which scenario is considered more reliable based on the respective criterion) 

Reliability factor Baseline VARGA Notes 

Number of 
components 

X  VARGA has more components, which means there are 
more possible failure modes 

Passive vs. active 
components 

X  Passive components are more robust; VARGA adds more 
active components to the system 

System complexity X  VARGA changes plant configuration, introducing more 
vulnerabilities into the system 

Equipment life   X Newer components are estimated to have a longer life 

Degree of 
automation 

 X VARGA’s online control allows for real-time system 
adjustment and reduces human error  

Modularity  X The VARGA components are easier to replace or 
upgrade/expand because they are less permanent  

Redundancy  X VARGA has more redundant components, which reduces 
the consequence of equipment issues 

Resilience  X VARGA’s online control and expanded capacity improves 
its ability to respond to operational disturbances 

Data collection  X VARGA sensors collect data on system performance 
which can be used for system optimization  

Expertise required 
to operate 

X  VARGA’s new equipment will require additional training 
to operate correctly 

Expertise required 
to maintain 

X  VARGA’s new equipment will require additional training 
to maintain properly  

Integration with 
STAR 

 X VARGA integrates more of the treatment process with 
the STAR system which provides more opportunity for 
optimization  

Preventative 
maintenance 

X  VARGA’s additional components will require additional 
preventative maintenance, such as calibration 

Diagnostic ability  X VARGA’s additional data collection should improve 
diagnostic ability and reduce maintenance windows  

Treatment 
effectiveness 

 X VARGA is expected to improve overall system 
effectiveness which should improve overall reliability 

Total 6 10 VARGA is expected to be more reliable than the baseline 

Reliability indicator 6 10 This value will be used in the eco-efficiency assessment  
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In summary, VARGA increases the complexity and vulnerability of the system relative the baseline 

scenario, but the new components also decrease uncertainties in the process and increase the ability of 

the plant to diagnose and respond to issues. There is also a tradeoff with increased automation: along 

with improved operational reliability comes a requirement for greater operator expertise and training 

(Garrido-Baserba et al., 2016). Based on this optimization, VARGA is expected to increase the overall 

reliability of the WWTP/WRRF.  

4.2.4. Summary of value results 

The product system value results for VARGA depend on which metric is used for the assessment. In two 

out of the three assessments, VARGA has a higher product system value. Since there is no unanimous 

decision, the results suggest that the choice of value metric does have an impact on the outcome of the 

assessment. Additional, more robust quantitative analysis would be helpful to confirm the results of the 

cost and reliability evaluations. Nonetheless, VARGA provides a clear value advantage in flexibility, and 

the results generated from all three analyses can be used to determine the eco-efficiency of both 

scenarios.  

4.3. Eco-efficiency assessment results 

Now that both the environmental impact and the product system value have been evaluated, the next 

step is to combine them into an indicator of eco-efficiency for each scenario and value metric. Eco-

efficiency is calculated separately for each scenario and each combination of environmental impact and 

value metric that has been generated. In order to compare eco-efficiency indicators with different units, 

they are normalized by dividing each VARGA eco-efficiency value by its respective baseline value.  

4.3.1. Flexibility-based 

The results of the flexibility assessment cover a broad range when considering each parameter, making 

it impractical to attempt to combine them. Instead, eco-efficiency is evaluated for each parameter 

individually using equation 1 (Table 13). Each parameter has two sets of eco-efficiency indicators: one in 

terms of years per ton CO2-equivalents and one in years per ton N-equivalents, corresponding to 

whether it was calculated using carbon footprint or eutrophication potential.  

The parameter with the minimum eco-efficiency is TN, and TP is the maximum. This is consistent with 

the flexibility results, where nitrogen is the limiting factor. It is more illustrative to examine each 

parameter separately; however, if it were necessary to choose only one parameter as a flexibility metric, 

the values for TN should be used. This is because it represents the most restrictive flexibility case, and 

thus the most conservative scenario.  
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Table 13: Eco-efficiency results using flexibility metrics 

   Carbon footprint Eutrophication potential 

Parameter Baseline  
(years) 

VARGA 
(years) 

Baseline 
eco-eff.1 

VARGA 
eco-eff.1 

Eco-eff. 
ratio 

Baseline 
eco-eff.2 

VARGA 
eco-eff.2 

Eco-
eff. 
ratio 

PE 37.7 37.7 5.21 x 10-3 4.85 x 10-3 0.93 0.250 0.250 1.00 

Water 30.4 52.3 4.20 x 10-3 6.74 x 10-3 1.74 0.202 0.347 1.86 

BOD 19.7 39.0 2.72 x 10-3 5.03 x 10-3 1.85 0.131 0.259 1.98 

COD 37.9 52.8 5.24 x 10-3 6.80 x 10-3 1.32 0.251 0.350 1.42 

TN 16.0 38.0 2.22 x 10-3 4.90 x 10-3 3.39 0.106 0.252 3.63 

TP 66.5 81.4 9.19 x 10-3 1.05 x 10-2 1.14 0.441 0.540 1.22 
1 years/ton CO2-eq 
2 years/ton N-eq 

 

VARGA has a higher eco-efficiency in every combination except those involving the flexibility results 

based on PE – the “winner” of each pair of indicators is highlighted in green in Table 13. VARGA shows 

no improvement over the baseline in terms of years of operation; when combined with carbon 

footprint, where the baseline scenario dominates, the baseline continues to be the more favorable 

alternative. In the case where the PE results are combined with the equally ambivalent eutrophication 

potential, the eco-efficiency is equivalent for both scenarios.  

In all other combinations, the VARGA scenario is more eco-efficient than the baseline scenario.  

4.3.2. Cost-based 

When communicating value, the idea is that a larger number represents a greater benefit. In using costs 

as a value metric, it is necessary to transform the costs using the inverse so that a decrease in costs 

corresponds to an increase in value and consequently an increase in eco-efficiency. For example, the 

baseline scenario had a cost rating sum of -9, and the VARGA scenario had a sum of -11. Since the 

baseline scenario thus has a higher benefit despite the greater magnitude, the inverse and absolute 

value cost quantity of 1/9 is entered into equation 1 as the product system value for the baseline 

scenario.  

Eco-efficiency indicators were calculated using both carbon footprint and eutrophication potential 

numbers (Table 14). Unsurprisingly, given that the baseline scenario has both a lower carbon footprint 

and lower costs, the baseline scenario is shown to have a higher eco-efficiency when the calculation is 

based on cost (highlighted in green).  

Table 14: Eco-efficiency results using cost as product system value 

Parameter Baseline 
2025 

VARGA 
2025 

Baseline 2025 
eco-efficiency 
(unit/t CO2-eq) 

VARGA 2025 
eco-efficiency 
(unit/t CO2-eq) 

Baseline 2025 
eco-efficiency 
(unit/ t N-eq) 

VARGA 2025 
eco-eff. 
 (unit/t N-eq) 

Cost 0.111 0.091 1.54 1.17 7.0 x 10-4 6.0 x 10-4 
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4.3.3. Reliability-based 

The sum total of each scenario’s “wins” with respect to reliability categories is used as the product 

system value for reliability-based eco-efficiency (Table 15). Despite its worse environmental impact, at 

least in carbon footprint, the VARGA performs better in both reliability-based eco-efficiency calculations.  

Table 15: Eco-efficiency results based on reliability as product system value 

Parameter Baseline 
2025 

VARGA 
2025 

Baseline 2025 
eco-efficiency 
(unit/t CO2-eq) 

VARGA 2025 
eco-efficiency 
(unit/t CO2-eq) 

Baseline 2025 
eco-efficiency 
(unit/ t N-eq) 

VARGA 2025 
eco-eff. 
 (unit/t N-eq) 

Reliability 6 10 8.29 x 10-4 1.29 x 10-3 0.040 0.066 

4.3.4. Comparison of results 

In order to compare eco-efficiency indicators with different units, the eco-efficiency results were 

normalized by dividing the VARGA value by its baseline counterpart for each combination of metrics. 

This gives a ratio, referred to from here on as an “eco-efficiency ratio”, that indicates which of the 

scenarios dominates for each situation. The ratios are plotted and adjusted around the vertical axis for 

clarity so that positive values represent cases where VARGA dominates and negative values represent 

cases where the baseline scenario dominates (Figure 23). A value of zero, as in seen in the case of PE-EP 

eco-efficiency, means that the two scenarios have the exact same eco-efficiency.  

 

Figure 23: Relationship between Baseline and VARGA eco-efficiency - positive values represent scenarios where VARGA has a 
higher eco-efficiency and negative values represent cases where the baseline scenario has a higher eco-efficiency 

The colors differentiate between the carbon footprint results (blue) and the eutrophication potential 

results (red), and the clusters of bars designate the different value indicators. Flexibility results, shown 

left of the line, are still separated by parameter because of the significant variation between 

parameters. The magnitude of the bars represents the relative dominance of the preferred scenario. For 

example, when looking at the flexibility of the facility relative to nitrogen loads, VARGA is more than 

twice as eco-efficient as the baseline. On the other hand, when it is relative to phosphorus loads, VARGA 

shows an improvement of 14-22%, depending on which environmental factor is evaluated.  
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Overall, this clearly demonstrates that VARGA is the more eco-efficient of the two scenarios. Although 

the baseline scenario is more eco-efficient when considering costs, it shows only an 18-24% 

improvement over the VARGA scenario. On average, VARGA shows an eco-efficiency improvement of 

47% over the baseline scenario.  

4.4. Metrics 

There are innumerable ways to define value, depending on one’s perspective and goals. In order to 

quantify value, metrics are used. According to Cornejo, “metrics provide a set of indicators that measure 

the state of, or change in, a system (e.g. carbon footprint), while also defining the unit of measurement 

(e.g., kg CO2-eq/m3 for quantifying the carbon footprint) of specific indicators” (Cornejo et al., 2018).  

 

The following section details a number of potential metrics that can be used to valuate wastewater and 

wastewater treatment. These metrics are grouped into categories for ease of understanding and to 

promote the generation of additional sources of value. Some of the same metrics can be found under 

multiple categories depending on the focus or priority assigned to the value. For example, labor could be 

considered a negative value as an operational cost, but it could also be considered a positive societal 

benefit when looking at regional employment rates. Accordingly, some metrics should ideally be 

maximized while others should be minimized (using their inverse in the eco-efficiency calculation).  

 

A combined table of all the value metrics identified in this thesis can be found in Appendix N, along with 

references. Rich and others put it well by saying, “[t]he list is illustrative, rather than comprehensive or 

prescriptive. Users can choose a subset of impact categories from this list or use it as a starting point in 

preparing their own list of impact categories to assess” (Rich et al., 2018).  

4.4.1. Cost-based metrics 

Cost-based metrics are the traditional way to assess the economic impact or benefit associated with a 

project or facility. In eco-efficiency analysis, a common method is to use the inverse of cost (generally 

life-cycle costing) to determine the product system value (ISO 14045, 2012). Some kind of economic 

analysis is generally used in project management processes in order to determine investments needs 

and risks.  

Costs can be broken down into capital, operation, and maintenance costs, or combined into a single 
total value depending on the system boundaries and the project goals ( 

 

Table 16). They can also be grouped according to life cycle phases such as construction and 

decommissioning or demolition (Cornejo et al., 2018).  

Cost metrics often overlap with other categories of metrics because monetization of resources and 

other quantities is a common practice. Operating and decommissioning costs can also vary depending 

on other factors like labor, training, and equipment life expectancy (Cornejo et al., 2018).  
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Table 16: Cost-based metrics 

Capital costs Material and labor costs for construction; costs for purchasing new 
equipment; footprint costs (cost per area); capital goods 

Operating costs Energy use; use of consumables such as chemicals or additives; labor 
required for operation; taxes and fees; training costs; transport costs; 
avoided costs from using recovered resources 

Maintenance costs Replacement materials; maintenance labor; lost production or treatment 
due to downtime or period of reduced functionality; fines 

Decommissioning costs Labor and materials required for demolition; material disposal fees; 
potential remediation costs 

 

In theory, an investment like VARGA should have higher capital costs that are recovered through lower 

operating costs and revenue from recovered resources. In practice, as demonstrated in the cost-based 

value assessment in this study, additional equipment and increased energy and resource use may 

exceed the offsets so that the baseline scenario has a higher value and, based on the environmental 

impact assessment, a higher eco-efficiency.  

4.4.2. Environmental metrics 

Environmental metrics are increasingly more prevalent as it is globally recognized that the preservation 

of the natural environment should be prioritized. Environmental metrics are typically used in a similar 

way to the environmental impact assessment (Cornejo et al., 2018), so in an eco-efficiency assessment, 

environmental metrics should be used to express value with care in order to avoid double counting. One 

of the earliest eco-efficiencies analyses specifically states that it “does not utilize […] avoidance costs or 

other costing approaches in order that ecological and economic impacts may be separately computed 

and assessed” (Dittrich-Krämer et al., 2008). 

 

Some environmental metrics, such as ecosystem services, may be different enough from typical LCA 

factors in order to be included without concern. Ecosystem services demonstrates the impact of water 

quality and availability on local water use (Weber, Meixner, & Stromberg, 2016). It is measured in values 

typically associated with local customers rather than specific material factors. Recent efforts have also 

been made to monetize climate impacts, which can be a different way of incorporating socioeconomic 

impacts of environmental issues without overlapping all LCA categories (Dong et al., 2019).  

 

It is also worth noting that environmental metrics can include factors for wastewater, side streams, solid 

flows, water reuse, chemical use, energy, and emissions, both within processes and at a system level 

(Table 17; Cornejo et al., 2018).  
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Table 17: Environmental metrics 

Emissions Global warming potential/CO2 equivalents; CH4, N2O, and/or CO2 

emissions; total nitrogen or phosphorus concentration or loading in 
discharge; air pollution (SOx or NOx emissions); process parameters (COD, 
BOD5, N, P, TSS, VSS, temperature); frequency of noncompliance; 
quantity of bypass flow 

Water & soil quality 
 

Eutrophication potential; nitrogen equivalents; marine or freshwater 
toxicity; acidification; heavy metal content; pathogen content; potential 
remediation costs; biodiversity 

Ecosystem services Willingness to pay; property values; tourism revenue; recreational 
swimming or boating/fishing fees; water quality requirements for 
swimming or boating/fishing 

 

Based on the environmental impact assessment, the baseline scenario would most likely perform better 

than the VARGA scenario in an environmentally focused value assessment.  

4.4.3. Production metrics  

In a truly circular economy, everything that is produced must be reincorporated into the system. 

Optimally, this means the maximization of usable products and the minimization of waste. Interestingly, 

the metrics listed in  

Table 18 have the capacity to be classified as either useful or wasteful products. Pollutants and 

emissions as considered primarily as an environmental concern and are therefore not listed again here; 

rather, these outputs and associate metrics refer to material products, and whether or not they are 

useful or wasteful depends on whether there is a readily available application.  

Table 18: Production metrics 

Energy Total or net production/consumption of electricity (kWh), fuel, or biogas; 
importance to local energy market (percent contribution of generated 
biogas or electricity); local demand for electricity, fuel, or biogas 

Heat Amount of heat created (MJ); heat recovery (either as a quantity or as a 
percent of on-site heat that can be replaced with recovered heat); local 
demand for waste heat 

Solid products Total volume for landfilling (ash or sludge, should be minimized); disposal 
costs; potential reuse value (market value for insect feed, animal feed, 
building material, bioplastics, etc.); nutrient content for recovery 
(phosphorus, nitrogen); local demand for sludge products 

Water Flow; total treatment capacity of the facility; instream flow extent 
(volume discharged back into the environment); groundwater recharge; 
ecosystem services (quantity of water required to provide value to local 
residents, see environmental metrics for examples); industry willingness 
to pay for industrial reuse of water or recovered materials; relative value 
of ecosystem services and industrial water reuse; local demand for water 

 

Aside from increased electricity use, VARGA should perform better in most of these metrics. Recovery of 

energy and phosphorus makes VARGA a desirable scenario from a production perspective.  
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4.4.4. Facility optimization metrics 

Tied up in all of these value categories is the ability of the facility to meet the goals set for it and 

perform to a high standard. Facility optimization metrics are a measure of performance and 

effectiveness. This category also incorporates the ability of the plant to adapt to short-term variations 

(resilience), long-term changes (flexibility), and other applications (scalability). According to Hopkins and 

others, “[t]he most operable process is highly flexible, highly resilient, safe and reliable, controllable, 

simple to operate, and easy to start up and shut down” (Hopkins, Lant, & Newell, 2001). 

 

Optimization metrics are broken up into the categories of location, operation, and expansion (Table 19). 

As an example, land area or footprint is a major limitation for many urban plants. Compact solutions can 

therefore be very valuable in that context. Location optimization can also refer to the distance from the 

facility to various other stakeholders, which may influence the ability to recover resources such as waste 

heat, for instance. Operational optimization can refer to mechanical or biological systems or the ease 

with which operators can maintain high-performance operation. Lastly, expansion covers metrics that 

assess the capability of the system to upgrade or spread its technology to other facilities.  

Table 19: Facility optimization metrics 

Location Land area/footprint required for certain method or technology; transport 
distance from wastewater source; transport distance to disposal location (e.g. 
agricultural area for land application, landfill, incinerator, digester); transport 
distance to consumers of biogas or sludge products; distance from suppliers and 
support staff; distance from demand for waste heat 

Operation Complexity (the degree of expertise required to operate the plant); start-up, 
recovery, and/or shutdown time; quantity or frequency of training; quantity of 
chemicals or additives used; equipment life expectancy; effectiveness of 
treatment/percent removal of target substances; process parameters (COD, 
BOD5, N, P, TSS, VSS, temperature, C/N ratio); degree of automation; 
controllability, resilience 

Expansion Modularity; scalability; level of specialization (% of generic vs. customized 
components and systems); whether a plant or system is over- or undersized; ease 
of integration; level of technological development (pilot scale, full scale, etc.): 
flexibility 

 

VARGA is favorable in terms of land area, optimization, level of automation, and, as demonstrated by 

this research, flexibility. The pre-filtration system takes up much less space than a traditional clarifier, 

and can be easily scaled. Online control driven by real-time emissions measurements would allow for 

significant optimization based on minimizing nitrous oxide release. When focusing on efficient use of 

resources and system complexity, the baseline could be preferable, as the VARGA equipment adds 

vulnerabilities and consumes additional electricity.  

4.4.5. Societal metrics 

Societal metrics can be one of the most difficult aspects to incorporate into a quantitative sustainability 

assessment. It can be done, however, as evidenced by the list of metrics in Table 20. Societal metrics can 

fit into many categories across all aspects of society, from economics to politics, from personal safety to 

education and more. 
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Incorporating social factors can be necessary to successful implementation of any project, but especially 

public-facing ones. Real-life cases have demonstrated that public opinion can overpower technological 

solutions and even political decisions.  
Table 20: Societal metrics 

Economic growth Employment (total number of jobs or jobs per volume of waste or wastewater); 
employee salaries or wages; importance to local economy (percent of local 
employment or purchasing power at local businesses); growth of the water 
sector (number of jobs created); independence from imports; importance to 
local energy market (percent contribution of generated biogas or electricity); 
sourcing from small/medium enterprises vs. big corporations 

Sustainability Percent of materials sustainably sourced; support for sustainable initiatives 
(e.g. organic farming); quantity or percent of fossil energy displaced by biogas 
or waste energy; contribution to circular economy (closed loop) Percent of 
materials sustainably sourced; support for sustainable initiatives (e.g. organic 
farming); quantity or percent of fossil energy displaced by biogas or waste 
energy; contribution to circular economy (closed loop); community impact 

Public support Willingness to pay for wastewater services (fees, taxes); political support; 
political/legal ease of investment; aesthetics; odor; public trust 

Safety Public health risk; employee exposure to wastewater or hazardous materials 
(contact hours, maximum concentrations, total exposure) 

Equity Percent of materials ethically sourced; impact equity (fair distribution of 
projected impacts and benefits); political independence 

Technology Technical readiness level; technology export value; growth of the water sector 
(world or European ranking, percent of total economy); number of patents; 
number of products or technologies on the market; distance to nearest 
technical expert; level of technological development (pilot scale, full scale, etc.) 

 

Based on the project’s lofty goals, VARGA should perform better with respect to economic growth, 

public and political support, and technology. It is unclear how the two scenarios compare from a safety 

or equity standpoint, but it is likely that there would be no significant differences between them.  

4.4.6. Risk management metrics 

As mentioned earlier, risk is an important focus, both in this study and in decision making as a whole. 
Risk metrics can be grouped into categories depending on what type of risk is being managed. Reliability 
encompasses operational risks related to processes and equipment. Environmental risk assessment and 
health & safety address the impacts of human and ecological exposure to potential hazards. Lastly, 
uncertainty refers to managing the risk of the unknown. Clearly defined risk reduction is also important 
for influencing stakeholders, as risk aversion is a common barrier to the adoption of new technologies 
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and solutions (Ries, Trotz, & Vairavamoorthy, 2016). Examples of risk-based metrics in each category are 
shown in Table 21. 

Table 21: Risk-based metrics 

Reliability Maintenance costs (labor, materials); cost of redundant 
equipment to meet risk thresholds; resilience (ability to handle 
short-term disturbances in operation); maintenance hours; % 
unavailability of equipment; change in downstream value or 
treatment effectiveness due to malfunctioning equipment; 
service life of components 

Environmental risk assessment Remediation needs; remediation costs; toxicity indicators for soil 
and water (see environmental metrics); relative concentration to 
land use concentration limits; frequency of noncompliance 

Health & safety Number of accidents; occupational health rating; number of 
hours of human contact with hazardous substances 

Uncertainty Ability to collect data; quality of data collected; statistical 
uncertainty; flexibility (ability to handle uncertain and/or varying 
conditions); market stability; level of technological development 
(pilot scale, full scale, etc.) 

 

This study has shown that VARGA is superior with respect to at least some risk-based categories. VARGA 

had a higher value for both flexibility and reliability assessments, and it definitely also has an advantage 

in terms of data collection and reducing uncertainties.  

4.4.7. Summary of value metrics 

Overall, VARGA seems to be favorable with regards to more of the metrics, but it is important to keep 

goals and limitations in mind. VARGA’s strengths are flexibility, reliability, economic and technological 

growth potential, data collection, optimization, risk management, and resource recovery. The baseline 

scenario is favorable when considering cost, resource and electricity use, certainty of performance, 

system complexity, and environmental impact. This demonstrates how the metrics which are included – 

and excluded – can skew the results of an eco-efficiency assessment. If only cost were considered in the 

product system value of this study, then the baseline scenario would have emerged as the more 

favorable option, even though it is clear that VARGA has many valuable benefits.   

4.5. Sensitivity analysis 

Sensitivity analysis was performed for a variety of parameters that were considered to be uncertain 

and/or significant. The parameters were adjusted one at a time to see how the change impacts the 

contribution of the parameter and the overall results. Findings from the sensitivity analysis of key 

parameters will be discussed in this section.  

One area of uncertainty that is common to most of the study relates to the quality and availability of 

source data. Much of the data came from the mass balance, which shows inconsistencies with other 

sources based on its assumptions. Considering the comparative nature of eco-efficiency assessment, 

however, these uncertainties do not have a significant impact on the overall conclusions because the 

same data source is used for both scenarios, and the uncertainty is reflected equally in both.  
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4.5.1. Environmental impact  

There are a lot of parameters that go into the calculation of environmental impact, especially the carbon 

footprint. Several parameters (nitrous oxide emissions and reduction potential, fugitive methane 

emissions, electricity, and equipment materials) were selected for sensitivity analysis because of 

uncertainty in the data, and one parameter (ferric chloride production) was selected because of its 

significant impact – it contributes about 50% of the total carbon footprint. Each parameter was varied 

one at a time, and the resulting changes in both carbon footprint total and the three associated eco-

efficiency values were documented (Table 22).  

Table 22: Sensitivity analysis for carbon footprint parameters 

Parameter Description of change Baseline 
total 

VARGA 
total 

V/B 
(Flex.) 

V/B 
(Cost) 

V/B 
(Rel.)  

N2O emissions Calculated as 4.27% of 
influent TN1  

+185% +155.2% +11.5% +12.1% +11.5% 

1.3% of TN1,2  +43.6% +36.6% +5.3% +5.8% +5.0% 

N2O emission 
reduction by 
VARGA 

No reduction 0 +1.7% -1.8% -1.7% -1.6% 

50% reduction 0 -6.8% +7.1% +7.7% +7.0% 

Fugitive methane 
emissions 

2.1% of biogas production1 -10.6% -10.2% -0.4% -0.5% -0.9% 

4.4% of biogas production1  +2.2% +2.1% +0.2% +0.3% -0.3% 

30% of biogas production1  +113.5% +109.2% +1.9% +2.4% +2.0% 

Electricity CF CF of 0.2083  +5.0% +4.9% +0.3% +1.0% +0.2% 

Electricity 
consumption 

+20% +1.2% +1.2% +0.1% +0.4% -0.3% 

-20% -1.3% -1.2% +0.3% +0.4% -0.5% 

Ferric chloride 
production 

CF -20% -10.2% -9.8% -0.4% +0.1% -1.2% 

CF -50% -25.6% -24.5% -1.3% -1.0% -1.0% 

Consumption +20% +10.2% +9.8% +0.5% +1.3% 0 

Consumption -20% -10.2% -9.8% -0.4% +0.1% -0.5% 

Equipment 
materials 

Unisense CF +50% 0 +0.1% -0.2% 0 0 

Unisense CF -50% 0 -0.1% 0 0 0 

Salsnes CF +20% 0 +0.2% -0.2% 0 0 

Salsnes CF -20% 0 -0.2% 0 0 0 

Exclude material production 0 -1.0% +0.8% +0.9% +0.8% 
1Yoshida, Mønster, et al., 2014 

2Foley, de Haas, Yuan, et al., 2010 

3Appendix E 

Nitrous oxide emissions can be difficult to estimate because they can vary dramatically depending on 

the operating conditions. For RA, Yoshida et al. concluded that emission factors ranged from 0.15 (the 

equipment detection limit) to 4.27% of influent nitrogen (Yoshida, Mønster, et al., 2014). In a different 

study, Foley et al. found an average of 0.013 kg of N2O per kg of nitrogen (Foley, de Haas, Yuan, et al., 

2010). Given this range, the uncertainty of the provided data point, and the fact that the reduction of 

nitrous oxide emissions is a focus of the VARGA project, it makes sense that the sensitivity of the 

parameter should be evaluated.  

Using the above-referenced 4.27% of total nitrogen to calculate N2O emissions, there is a 155-185% 

increase in total carbon footprint and an 11.5-12.1% increase in the eco-efficiency ratio. This is a huge 
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change, especially considering that most of the sensitivity analysis results show a difference of less than 

2% in the eco-efficiency ratios. What is also interesting is that the nitrous oxide emissions actually 

change the outcome of the results, so that even though both scenarios have a higher carbon footprint 

overall, the VARGA footprint is actually lower than the baseline. This is because the estimated 10% 

reduction in emissions plays a larger role at these levels. Using a higher percentage of emission 

reduction also makes VARGA the more environmentally favorable scenario. If VARGA can reduce the 

emission of nitrous oxide by at least 50%, then the environmental impact is lower than the baseline’s.  

Methane emissions were included in this sensitivity analysis because they are not directly and 

continuously monitored at RA, and therefore there is a potential for under- or overestimating the 

emissions. This thesis assumed a direct relationship between biogas production and fugitive methane 

emissions from the digesters, using a value of 4% of biogas production that comes from a study done at 

RA by Yoshida et al. The results from that study showed average methane emissions from 2.1-4.4% of 

generated biogas, with spikes up to 30% of biogas during periods of operational difficulties. Looking at 

these bounding conditions, including a worst-case scenario using 30% of biogas production as emissions, 

there is a noticeable impact on the carbon footprint totals, but the relative eco-efficiency of the baseline 

and VARGA scenarios does not change much. Even in the extreme case of 30% fugitive methane 

emissions, the eco-efficiency ratio only increases by 1.9-2.4%.  

There is a limitation to this assessment that biogas is not considered as an offset to electricity in the 

carbon footprint accounting, which would introduce a tradeoff that increasing biogas production can be 

both an environmental cost and an environmental benefit.  

The next factor that was tested was the contribution of electricity. If national renewable energy goals 

are not met, the projected CF will be inaccurate. Therefore, a CF based on the Danish energy profile in 

2017 was used for the analysis (Appendix E). This change increased the carbon footprints of both 

scenarios by about 5% but had a 1% or less increase in eco-efficiency ratio. Adjusting electricity 

consumption to account for the assumption that it only consists of aeration and stirring (and the added 

pre-filtration) also resulted in a minimal change of less than 1% in eco-efficiency ratios.  

Ferric chloride production and use was analyzed because it was unexpectedly the largest contributor to 

the total carbon footprint. Although the CF came from literature (Ashrafi, 2012), the value was reduced 

by up to 50% to see if there was a point where another parameter would dominate. Using 50% of the CF 

reduces the overall carbon footprint values by about 25%, but even then, ferric chloride production is 

still the dominant contributing parameter to carbon footprint. Neither changing the CF nor the 

consumption of ferric chloride affects the eco-efficiency ratios by more than 1.3%.  

As a parameter that only impacts the VARGA scenario, it was expected that the carbon footprint of the 

new equipment materials could have an impact on the overall outcome, especially since the calculation 

of the characterization factors requires multiple assumptions. Interestingly, varying the CF for the 

equipment material production has less than 0.2% impact on the results. In fact, omitting material 

production entirely increases the eco-efficiency ratio by less than 1%.  

There are fewer inputs to the eutrophication potential calculation, but that makes each of those 

parameters more impactful, especially when the results are unexpected. Since phosphorus was 

expected to have a much lower eutrophication potential, and nitrogen was expected to be higher, the 
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characterization factors were adjusted for each of these two inputs to see how it affected the total 

eutrophication potential (Table 23).  

Table 23: Sensitivity analysis for eutrophication potential parameters 

Parameter Description of change Baseline 
total 

VARGA 
total 

V/B 
(Flex.) 

V/B 
(Cost) 

V/B 
(Rel.)  

Phosphorus CF -20% -12.5% -12.6% -0.7% +2.1% +0.1% 

 CF -50% -31.4% -31.4% -0.4% -4.5% +1.4% 

Nitrogen CF +20% +3.4% +3.3% -0.4% 0 -0.5% 

 CF -20% +8.4% +8.3% 0 0 -0.1% 
 

Even when cutting the CF in half, phosphorus still makes up 46% of the total eutrophication potential in 

both scenarios. At a 70% reduction in the CF for phosphorus, COD dominates, but nitrogen is not a top 

contributor in any analyzed conditions. It should be noted, however, that these numbers are non-

region-specific, and eutrophication potential often varies by geographic area and local limiting 

conditions and nutrients.  

In summary, the only parameter that could change the outcome of environmental impact assessment is 

nitrous oxide emissions. This demonstrates the importance of validating nitrous oxide emissions and 

reduction potential as data becomes available from the installed sensors.  

4.5.2. Value assessment 

The flexibility assessment is based on three main inputs: 2016 parameter data (BIOFOS, 2018; EnviDan 

A/S, 2018), projected capacity as suggested by BIOFOS (Guildal, 2019), and an assumed growth rate 

(Appendix K; EnviDan A/S, 2018). The 2016 data consists of measured values, and any measurement 

errors would be consistent across both scenarios.  

2025 values were estimated using two separate growth rates – one based off of the project mass 

balance, and one based off of population projections (Appendix K). With the exception of TP, the two 

data sets show approximately a 2% difference. For the eco-efficiency assessment, however, the 2025 

values do not contribute to the overall value metric, which is based on the design limit and the 2016 

data. In this thesis, the number of years was calculated assuming an annual 1% growth in the area. To 

validate this choice, the calculation was also performed assuming an annual 0.9% growth rate, which 

corresponds to the 8.4% growth from 2016 to 2025 that is used in the mass balance (EnviDan A/S, 

2018). The slower growth gives an understandably longer period of operation, but it only affects the 

eco-efficiency ratio by about 3% (Table 24).  

In order to check the sensitivity of the capacity values provided by BIOFOS, the number of years was 

recalculated assuming a design limit instead based on first 345,000 PE and then 400,000 PE. For 

simplicity’s sake, Table 24 shows only the change in TN, which was the limiting parameter in the original 

analysis, with the range of changes (in percent) listed below. This can be a little misleading, as TN is also 

the value that shows the most extreme change. In fact, water volume becomes the limiting parameter 

with respect to the alternative design limits. There are definite uncertainties to this simplified 

substitution; some of the original design limit values are based on these population-based limits, so 

some of the parameters remain the same while others have a more significant change. These 
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inconsistencies, coupled the 50% change in results, suggest that the analysis would benefit from 

additional validation. If BIOFOS has definitive design limits as opposed to estimated values, they could 

remove most of the sensitivity and uncertainty.  

The last main influencing factor in the flexibility assessment is the impact that VARGA has on the 

nutrient removal. For the purposes of this analysis, the nutrient capacity appears to be controlled by the 

legal permit requirements rather than the technical capacity, and so this is not directly applicable to the 

sensitivity analysis. At the same time, it is a factor that should be considered in the design and 

implementation of the project.  

Table 24: Sensitivity analysis for flexibility assessment parameters 

Parameter Description of change Baseline 
value 

VARGA 
value 

V/B 
(CF) 

V/B 
(EP) 

Growth rate Annual growth rate based on mass 
balance assumptions1 (0.9% annual 
growth vs. 1%2)  

+11% +11% -2.8% -3.0% 

Design limit Calculated from 345,000 PE instead of 
BIOFOS estimate3 

+48%  
(-39 to +48) 

+26% 
(-39 to +27) 

-53.8% -53.9% 

Calculated from 400,000 PE instead of 
BIOFOS estimate3 

+141% 
(0 to +141) 

+51% 
(0 to +53) 

-55.3% -55.5% 

1EnviDan A/S, 2018 
2Appendix K 
3Guildal, 2019 

As the cost and reliability assessments are both qualitative in nature, there are known limitations to the 

results. Since the values are not exact, the sensitivity analysis focuses on whether the outcome of each 

assessment can be easily changed due to small changes in the factors that were included.  

One of the potential issues with the cost assessment comes from the lack of specificity in differentiating 

between “minor”, “moderate”, and “major” costs and revenues. Using a scale of 1-3-5 instead of 1-2-3 

in order to accentuate the likely differences, the baseline scenario has a score of -11 and VARGA has a 

score of -15 – a slightly different margin than the initial -9 and -11, but ultimately the same outcome. On 

the other extreme, using only a binary rating of which scenario would be financially favorable, the 

baseline is still preferred. It is recommended that a quantitative assessment using real costs is 

performed when project decisions are finalized.  

In terms of reliability, one of VARGA’s main advantages over the baseline is the implementation of 

online control, which allows for real-time and condition-based system optimization. Currently, the 

control module(s) that will allow this functionality are still under development (Guildal, 2019). In the 

event that this functionality is never realized, the reliability indicators for “degree of automation” and 

“integration with STAR” no longer apply to VARGA, giving VARGA a score of 9 as opposed to 11, but still 

higher than the baseline score of 6. Reviewing the indicators critically, removing any that could be 

considered potentially redundant or unclear in terms of which scenario is preferred, produced a score of 

6 to 4, with VARGA still determined to be more reliable.  

Based on this sensitivity analysis for both cost and reliability, the “worst-case” scenarios, where the 

results are most impacted, puts the two scenarios as equivalent, but otherwise the conclusions are 

consistent and the outcomes are not changed based on the factors considered above.  



64 
 

4.5.3. Eco-efficiency 

Eco-efficiency is affected by the compounded uncertainties from both the environmental and value 

assessments. Interestingly, the three quantitative indicators analyzed in this study do not have any 

overlapping input parameters. This means that, although the eco-efficiency is still impacted by all of the 

uncertainties in both the environmental and value assessments, none of the parameters are 

contributing to the total uncertainty more than once. Individual variation in environmental or value 

results can still change the outcome of the eco-efficiency assessment, and in the case of nitrous oxide 

emissions, it does.  

There is some overlap between the considerations for environmental impact and the cost and reliability 

assessments. For example, factors such as electricity and chemical consumption that contribute to 

carbon footprint also contribute to cost, and systems that are highly reliable tend to have lower 

emissions. Due to the scope of the present study, as well as the qualitative nature of the cost and 

reliability assessments, these relationships are not directly represented. 

4.5.4. Metrics  

As evidenced by the variation in outcomes between cost, flexibility, and reliability, the choice of metric 

can influence the overall results. It is impossible to quantify the uncertainty associated with choosing a 

metric, as there is no “right” or “wrong” approach, but it is important to reflect on this bias. Looking for 

different perspectives and minimizing uncertainties in each step of the process can reduce the overall 

uncertainty of the assessment. Along those lines, one way to reduce uncertainties is to choose metrics 

based on what data is available to make a robust judgment. At the same time, that approach can lead to 

bias against difficult-to-measure indicators, especially social ones, and the ultimate decision should 

depend on the goals and stakeholder interests.   
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5. Challenges and limitations 
There are always inherent challenges in analyzing a project and system that are still in development. 

There is limited data available, and decisions can still be made that could drastically impact the results. 

For example, reincorporating anammox into the design would, at the very least, change the energy use, 

nutrient removal capacity, and costs. Installing a different model pre-filter would likely not have as 

significant an effect on the results, but it still introduces uncertainties that are a limitation to the 

robustness of the research and conclusions.  

Beyond data availability, there is also a limitation due to data consistency. The data in this study comes 

from several different sources, and at times, there are discrepancies between them. Furthermore, 

although the main project analysis and calculation data was delivered by BIOFOS, it was generated by a 

third party, EnviDan, and some of the documentation was not fully communicated between parties. This 

necessitated more interpretation and assumptions than might have otherwise been avoided with direct 

communication and exchange of information. In general, increased interaction with BIOFOS, EnviDan, 

and the other project stakeholders would improve the quality and relevance of this assessment.  

Accurate reliability analysis requires intimate knowledge of the system and components. Without a basis 

in data, it is difficult to make reasonable assumptions that reflect the complex relationships between the 

components, and results are highly uncertain. In this study, it was determined that potential 

inaccuracies due to lack of data were a sufficient limitation to performing a probabilistic assessment. 

Instead, a more qualitative, comparative assessment was used. Qualitative or subjective value 

assessment is allowed by the eco-efficiency procedure (ISO 14045, 2012), although it is not preferred. 

One advantage to qualitative analysis is the ability to incorporate aspects of the project that may be 

difficult to quantify directly, but the challenge is ensure that an iterative approach is taken to reflect on 

the results and update them as more data becomes available.  

Some major assumptions have been made in both the initial analysis and within this thesis. One of the 

most integral assumptions and limitations is that there will be constant and consistent growth within the 

system. A review of the data from 2016 to 2018 shows that this is not the case (section 4.1.1.1), but 

some assumptions are necessary in order to analyze a future state. In reality, climate factors can result 

in (increasingly) erratic influent conditions from year to year. VARGA is a complex project with many 

disparate but interconnected work packages. By only including WP1 and WP2 in the scope of the 

analysis, potentially important interactions with the other work packages are left out of the equation.  

Scope definition is a limiting factor in any analysis – it is impossible to include everything. The 

wastewater treatment packages are relatively independent; however, sludge treatment (including 

phosphorus recovery) and biogas production are core components of the VARGA project goals. Biogas 

was not included as an offset for heat or electricity. At RA, biogas is sold rather than used for direct 

energy replacement (BIOFOS, 2018), which would introduce more uncertainty into the carbon footprint 

analysis regarding what type of energy is being offset. Consequently, excluding biogas is a reasonable 

simplification in this thesis, but including it would be a logical step to a more holistic assessment of the 

VARGA project.  

Similarly, a full LCA should be performed for a more definitive eco-efficiency assessment. The use of a 

“light” LCA in this study does not negate the results of the environmental impact assessment, but it 

ignores such categories as toxicity, acidification, and resource depletion.   
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6. Conclusions and recommendations 
All in all, VARGA proves to be a more eco-efficient scenario than the baseline. This is not universally 

true, however, as a few metrics do result in more favorable eco-efficiency for the baseline scenario. This 

section lists the key conclusions in response to the objectives and research questions of this study.   

 Metric choice does have the ability to influence the outcome of an eco-efficiency assessment 

 VARGA’s value is more evident with metrics related to optimization and risk reduction 

 The baseline scenario has an advantage with respect to cost and resource use 

 VARGA does not target nutrient removal, so some environmental metrics do not show a change 

between the two scenarios 

 

 Value is created and assessed in a myriad of ways, but the use of non-cost-based metrics is still 

uncommon in eco-efficiency assessment, despite increasing awareness of the importance of 

social and environmental issues and multi-disciplinary thinking   

 

 Many of the metrics apply to VARGA as a whole, but in order to meet the goals of the analysis, 

the value should focus on non-environmental metrics that can be directly applied to wastewater 

treatment equipment and processes 

 Possible metrics include flexibility, cost, and reliability  

 

 In general, metrics should be chosen based on project goals, stakeholder priorities, and the 

ability to acquire data 

 Sensitivity to the implications of choosing and omitting certain metrics should be considered 

 

 VARGA shows an overall improvement over the baseline scenario in terms of flexibility towards 

future input conditions 

 

 It requires a lot of assumptions to assess environmental or economic impacts of a system that is 

still being developed; an iterative approach is important to incorporate new data and updates 

 This study is a preliminary assessment and further validation should be performed in order to 

use these conclusions for any decision making 

 

 Risk management is most commonly incorporated into eco-efficiency in the form of sensitivity 

and uncertainty analysis  

 Risk can also be a metric in its own right, or as a consideration of a metric like reliability 

 

 VARGA seems to focus largely on the benefits of biogas, with some consideration to reducing 

nitrous oxide emissions and recovering phosphorus 

 A true circular economy should attempt to address all major inputs and outputs 

 This includes other life cycle factors such as eutrophication or toxicity, as well as process factors 

like ferric chloride use and nitrogen recovery  
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 At the same time, excessive focus on nutrient removal is one of the drivers for the shift from 

WWTP to WRRF, and it is okay to prioritize other impact categories as long as all aspects have 

been considered 

 

 Other important considerations regarding a shift to a circular economy involve what happens to 

resources that are freed from efficiency gains and cost savings 

 Resource recovery should focus on minimizing wastes and reducing impacts as opposed to 

maximizing savings 

 

At a high level, it is recommended to update this analysis using data from the implementation of the 

VARGA project as it becomes available. Preliminary results indicate that VARGA is an advantageous 

upgrade to other traditional WWTP, but site-specific analysis should be performed.  

More specific to the results of this thesis, it is recommended to investigate sourcing recovered or 

sustainably produced chemicals. Ferric chloride is responsible for approximately half of the carbon 

footprint, which is a huge opportunity for improvement.  

There is also opportunity for improvement in both emissions and reliability by continuing to optimize 

denitrification processes. If nitrous oxide emissions can be reduced by 50% or more, then VARGA is 

projected to have a lower carbon footprint than the baseline conditions. Fugitive methane emissions 

should also be quantified and minimized.  

Minimizing the impact of ferric chloride, fugitive methane emissions, and nitrous oxide emissions would 

address the majority of the environmental impact identified by this study.  
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Appendices 

A. Summary of questions and correspondence with BIOFOS 

General info: 

a. Catchment area 

i. 20% combined sewer, 80% separate municipal household sewer 

ii. 350k PE 

1. Total BIOFOS: 1.2M 

2. Lynette: 1M 

3. Damhusåen: 400k  

iii. 190k m3 total retention basin available 

1. 45k + 78k m onsite 

2. Very rare to use the bypass 

iv. Discharge point is 1km out into the sea  

b. Phosphorus removal 

i. 60% bio-P 

ii. 40% chem  

iii. Legal limit is 1.5 mg/L 

iv. Typically 0.5 mg/L output 

1. Determined to be optimal econ. vs. environ. treatment level per 2002 study  

2. Tax paid per kg P, N, BOD output 

c. Control system 

i. STAR system 

1. Nitrogen module 

2. Phosphorus module 

3. Sludge control module 

a. Adjusting oxygen demand to keep bacteria alive and healthy 

4. Return sludge module 

a. Maintain sludge blanket level (60 cm) 

b. Avedøre doesn’t generally worry about washouts compared to other 

plants because of the minimal combined sewer system 

ii. Sampling  

1. Manual sampling every 2-3 weeks 

a. Formal sampling plan as part of permitting 

2. Calibrate as needed, sometimes every week 

iii. Alarms 

1. No overnight operations 

a. STAR system has backup plan to adjust control system according to 

alarms, etc. 

2. Alarms for sludge level 

a. Faults - rate of increase, zero reading, high level…  



76 
 

Equipment: 

d. Current equipment 

i. Can I get system diagrams for the aeration/bio denitrification system and the clarifiers?  

ii. Can I also get component specifications for the aerators and the unisense monitors?  

1. Sensors 

a. Other sensors are Hach or WTW (Fagerberg), see pictures  

b. There is also an ammonia analyzer 

i. Has a self-check program 

ii. Has a time delay in data to STAR of 5-7 min but automatically 

adjusts for this 

iii. Replace tubes/flasks every month or so 

c. Ion selective electrodes 

i. Ammonia, nitrate 

ii. Instant results but less stable 

iii. Requires more frequent calibration 

iv. Electrodes changed every 6 months or so 

d. UV sludge level sensor  

e. Optical sensor for nitrate and TSS 

i. Uses chemicals for analysis  

f. Phosphorus analyzer  

g. Oxygen sensor 

i. New head about every year  

h. Sometimes fouling in the sensors  

2. Aerators 

a. 4 blowers/compressors (2 big, 2 small) feed into a common line that 

then splits to all 4 tanks 

b. Uses regular air 

c. valves/pressure regulators control air release to bottom of tanks 

d. About 80% of the tank bottom covered with permeable 

plate/membrane 

e. Tank is 180 m long 

f. No flow meters installed on the airflow 

i. Calculated flow from pressure and valve position 

g. In principle, the 2 big compressors run continuously with supplemental 

flow from the 2 small 

i. Designed 25% over capacity (normal load at 75%, more is 

possible but not economically optimal in terms of kr per kg O2)  

1. Calculated in 2014 

2. Still margin but maybe running at 80-85% now vs. 75% 
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Maintenance: 

iii. Can you put me in touch with the asset management person to discuss the maintenance 

plans and history for the equipment, especially the aeration/bio denitro components?  

iv. How do you dispose of broken equipment at Avedøre?  

1. Collected in containers, then sold or recycled if possible  

 

VARGA: 

v. Pre-filter  

1. Which size drum filter do you expect will be implemented?  

a. Still TBD 

2. What are the specifications/filtration requirements from the plant in order to 

determine which filter is needed?  

3. Have there been any updates to the mass balance since it was decided that a 

different filter would be used?  

a. Would have to ask EnviDan 

vi. Anammox 

1. To clarify again - the anammox will not be implemented at Avedøre by 2025, 

correct?  

a. Correct 

b. But ideally the model includes it 

 

Chemicals: 

e. From previous data, it shows that iron chloride, aluminum chloride, and activated carbon have 

been used.  

i. What is the current combination of chemicals? 

1. Only ferric chloride (sulfate) 

ii. How much of each is used?  

1. Water temperature influences sludge volume index (SVI) 

a. Not as much adjustment is needed at Avedøre because there’s sufficient 

space to contain high hydraulic loads 

iii. Is there a plan to transition to a different combination of chemicals?  

1. No, and this will not reduce with VARGA because the resource recovery 

happens from the sludge and the water-to-sludge process will not change 

f. 40% chemical phosphorus removal 

 

Unisense sensors: 

g. How many sensors have been implemented at this point? 4 

i. How many basins have sensors? 2 sensors in each of 2 sets of tanks, test (1) and control 

(3) 

ii. How many sensors are in each basin?  

h. Which model/part number has been used?  
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i. Will more sensors be implemented by 2025? TBD, potentially 1 in either each tank or set of 

tanks (4 or 8 total)  

i. Does this depend on the performance? yes 

j. How often should the sensors be calibrated? Every 1-2 mo. 

k. What is the status of the real-time monitoring/control?  

i. Is it still done manually?  

1. STAR receives online data from sensors, but there is no module yet to optimize 

control of the tank based on the N2O data 

a. EnviDan has a proprietary system (envistyre), whereas STAR is a Kruger 

product. EnviDan is currently piloting this module.  

b. Also a DIMS system that some plants use  

ii. What is the goal for the control method?  

1. Multiple parameters impact N2O, still need to determine which ones to control 

2. Can use a nitrite on the spot test to do a nitrogen mass balance  

l. Have you had to replace any components yet?  

m. Can I have access to the data from the sensors so far? no 

 

Emissions: 

n. Do you monitor/measure methane emissions?  

i. No online measurement 

ii. N2O is calculated based on measurements from Lynetten 

iii. Additional methane source from open storage tanks for digested sludge 

1. Considering hiring Kruger to find a solution to limit emissions 

 

Other questions: 

o. From your perspective, could the plant handle significant changes in wastewater volume or 

nutrient contents?  

i. Currently operating around 85% capacity (limited by N, operating around 95%), so room 

for +10-15% 

1. 345k PE 

2. 70k m3-d designed normal conditions 

3. 85% COD/BOD 

ii. Expanded the plant in 1997, added 4th set of biodenitro 

1. Process guarantee from Krüger 

p. Which components do you think are the most important/present the highest risk to the proper 

function of the plant? 

i. Sand filter - only have one 

1. No backup 

2. Planning to install another  

ii. Second would be aeration 

1. Does have installed redundancy  

2. Is the limiting flow point of the plant  
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B. Salsnes filter specifications 

 

 

Figure 24: Salsnes filter specifications (Salsnes, 2017) 
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C. Calculation of pre-filtration capacity 

 

Treated Flow through SF6000 filter (Salsnes, 2017): 

325 m3/h = 2,847,000 m3/y 

 

2025 RA wastewater flow through pre-filtration system: 

25% * 27,295,120 m3/y = 6,823,780 m3/y 

 

Number of SF6000 filters required to meet 2025 RA capacity: 

6823780 𝑚3/𝑦

2847000 𝑚3/𝑦
= 2.4  

RA needs at least 2.4 filters to accommodate normal flows, therefore 3 SF6000 filter units are assumed.  
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D. Calculation of projected electricity CF 

 

Table 25: Carbon footprint characterization factor projections for Danish electricity using data from Energistyrelsen (2014) 

Year CO2 CH4 N2O Total 

kg/MWh kg/kWh g/MWh kg/kWh g/MWh kg/kWh kg/kWh 
2015 270 0.27 127 0.003556 4.2 0.001113 0.275 

2016 265 0.265 117 0.003276 4.1 0.0010865 0.269 

2017 206 0.206 131 0.003668 4.2 0.001113 0.211 

2018 184 0.184 115 0.00322 3.9 0.0010335 0.188 

2019 169 0.169 150 0.0042 3.6 0.000954 0.174 

2020 133 0.133 143 0.004004 3.3 0.0008745 0.138 

2021 133 0.133 132 0.003696 3.3 0.0008745 0.138 

2022 129 0.129 120 0.00336 3.2 0.000848 0.133 

2023 124 0.124 110 0.00308 3.1 0.0008215 0.128 

2024 114 0.114 98 0.002744 2.9 0.0007685 0.118 

2025 112 0.112 90 0.00252 3 0.000795 0.115 

2026 112 0.112 90 0.00252 3 0.000795 0.115 

Note: these calculations assume a factor of 28 kg CO2/kg CH4 and 265 kg CO2/kg N2O   
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E. Calculation of electricity CF based on 2017 energy mix 

 

Table 26: Electricity CF based on 2017 Danish energy mix 

Energy source % of 
Danish 
energy 

IPCC CF Ashrafi CF 

kg CO2/TJ kg CO2/TJ  
(Denmark) 

kg CO2/kWh 
(Denmark) 

kg CO2/MWh kg CO2/kWh 
(Denmark) 

Coal 17 96425.5 16392.3 0.059 860 0.146 

Natural gas 6 56154.5 3369.3 0.012 460 0.028 

Wind, water, 
and solar 

55 66.7 36.7 0.00 15 0.008 

Waste energy, 
biofuels, and 
biogas 

18 96900 17442 0.063 100 0.018 

Oil 1 73543 735.4 0.003 700 0.007 

Nuclear 3 3.33 0.1 0.00 20 0.0006 

Total 100  37975.8 0.137  0.208 
 

Sources: 

Energy mix – Energistyrelsen, 2018 

IPCC CF – Gómez et al., 2006 

Ashrafi CF – Ashrafi, 2012 
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F. Carbon footprint of a Salsnes SF6000 filter 

 

 

 

Figure 25: Carbon footprint calculation for a Salsnes SF6000 filter unit (Salsnes, 2017) 
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G. Unisense N2O sensor specifications 

 

 

Figure 26: Unisense sensor specifications (Unisense Environment, 2019) 

 

 

Figure 27: Unisense controller specifications (Unisense Environment, 2019) 
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H. Carbon footprint of a Unisense N2O Wastewater System sensor 

 

Table 27: Carbon footprint calculation for Unisense sensors 

Component Material1 Quantity 
in 20 years 

Total 
weight1 (kg) 

CF2  
(kg CO2/kg) 

Annual footprint  
(kg CO2/year/sensor) 

Sensor body Small 
electronics 

4 1.8 1.76 0.04 

Sensor housing Aluminum 4 0.74 12,871 119 

Sensor head Plastic 160* 51.6 3116 2011 

Controller 
electronics 

Small 
electronics 

2 5.0 1.76 0.11 

Controller casing Plastic  2 1.4 3116 55 

Total     2185 

*Unisense recommends that sensor heads be replaced every 6 months 

1 Unisense Environment, 2019 
2 UK Department for Business, Energy, and Industrial Strategy, 2019 
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I. Wastewater parameters 

 

Table 28: RA influent and effluent parameters 

Parameter Unit 2016 2017 2018 2025 

Person equivalents PE 275,000 277,750 280,528 300,763 

Influent      

Water flow Mm3/y 25.18 27.98 22.57 27.3 

TSS in t/y 7611 8811 8516 8250 

BOD in t/y 5 942 6083 6144 6441 

COD in t/y 14 949 17,173 18,528 16,205 

TN in t/y 1199 1321 1336 1300 

TP in t/y 178 193 190 193 

Effluent      

TSS out t/y 102 143 195 111 

BOD out t/y 51 No data No data 55 

COD out t/y 569 750 722 617 

TN out t/y 97 142 102 106 

TP out t/y 12 14 16 13 

Note: TN and TP refer to the dissolved fraction of nitrogen and phosphorus in the water, not any output 

of nutrients in the sludge  
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J. Carbon footprint data 

 

Table 29: Annual carbon footprint calculation data 

Input Characterization factor Baseline 2025 
(t CO2-eq/y) 

VARGA 2025 
(t CO2-eq/y) 

Difference 

Greenhouse gas emissions 2964 2885 79 

Fugitive methane 
emissions 

28 kg CO2-eq./kg CH4 1642 1695 -53 

Nitrous oxide 
emissions 

265 kg CO2-eq./kg N2O 1321 1189 132 

Energy 452 469 -17 

Total electricity 
consumption 

0.115 kg CO2-eq./kWh 452 469 -17 

Resources 3819 3921 -102 

Ferric chloride 
production 

2.71 kg CO2-eq./kg FeCl3 3705 3808 -103 

Polymer production 1.5 kg CO2-eq./kg polymer 114.3 113.6 0.8 

Materials and transport - 487 -487 

Pre-filter production 
and materials 

23,003 kg CO2-eq./filter unit - 69 -69 

Sensor production 
and materials 

2185 kg CO2-eq./sensor - 8.7 -8.7 

Pre-filter transport 0.062 kg CO2-eq./t*km - 103.7 -103.7 

Sensor transport 0.602 kg CO2-eq./t*km - 305.8 -305.8 

Total 7235 7762 -528 
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K. Population growth rate  

 

Table 30: Population data and average growth from 2016 to 2019  (Rasmussen & Skytte, 2016; StatBank Denmark, 2019) 

 Denmark Capital region Copenhagen 

2016 Q1 5,707,251 1,789,174 591,481 

2017 Q1 5,748,769 1,807,404 602,481 

2018 Q1 5,781,190 1,822,659 613,288 

2019 Q1 5,806,081 1,835,562 623,404 

Average growth 0.06% 0.09% 1.8% 
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L. Flexibility analysis data 

 

Table 31: Design limit calculations for flexibility assessment 

 Baseline VARGA Baseline VARGA 

Parameter Design 
limit  

% limit 
2018  

% limit 
2025 
(A) 

% limit 
2025 
(B)  

Design 
limit 

% limit 
2025 
(A) 

% limit 
2025 
(B) 

Years Years  

PE 400,000 81 74.5 75.2 400,000 74.5 75.2 37.7 37.7 

Water 
(Mm3/y) 

34.07 75 80.1 80.3 42.39 64.4 64.5 30.4 52.3 

BOD (t/y) 7228 85 89.1 91.1 8760 73.5 75.2 19.7 39.0 

COD (t/y) 21,798 85 74.3 76.0 25,273 64.1 64.1 37.9 52.8 

TN (t/y) 1406 95 92.4 94.1 1750 74.3 75.6 16.0 38.0 

TP (t/y) 345 55 55.9 87.2 400 48.3 75.2 66.5 81.4 
 

A. VARGA method (8.4% growth from 2016 to 2025) 
B. StatBank method (1% annual growth)   
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M.  VARGA design limit calculations 

M.1. PE 

400,000 PE per RA permit (Guildal, 2019) 

M.2. Design flow 

100% design flow through 5 primary clarifiers = 34.07 Mm3/y = 6.81 Mm3/y per clarifier 

100% design flow through 1 Salsnes SF6000 filter = 5.05 Mm3/y (Appendix B; Salsnes, 2017) 

VARGA system includes 4 clarifiers and 3 Salsnes SF6000 filters (Appendix C) 

4 * 6.81 + 3 * 5.05 = 100% VARGA design flow of 42.39 Mm3/y 

42.39 / 34.07 = 1.24x the capacity 

M.3. Nutrients 

Permit limit based on 400,000 PE calculated using loads per PE found in Table 6 

Table 32: Calculation of VARGA design limits for nutrient loads 

Parameter (t/y) Baseline 
design limit 

Limit scaled by 
1.24 

Limit based on 
400,000 PE 

Limiting 
value 

BOD 7228 8962 8760 8760 

COD 21,798 27,029 25,273 25,273 

TN 1406 1744 1750 1750* 

TP 345 428 400 400 

*1750 t/y is the limiting value for TN due to assumed improvements in nitrogen removal 

associated with WP2 
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N. Value metrics  

Category Sub-category Metrics Reference 

Cost-based Capital costs Material and labor costs for construction; costs for 
purchasing new equipment; footprint costs (cost per area); 
capital goods 

3, 10 

Operating costs Energy use; use of consumables such as chemicals or 
additives; labor required for operation; taxes and fees; 
training costs; transport costs; avoided costs from using 
recovered resources  

10 

Maintenance 
costs 

Replacement materials; maintenance labor; lost production 
or treatment due to downtime or period of reduced 
functionality; fines 

10 

Decommissioning 
costs 

Labor and materials required for demolition; material 
disposal fees; potential remediation costs 

2 

Environmental  Emissions Global warming potential/CO2 equivalents; CH4, N2O, 
and/or CO2 emissions; total nitrogen or phosphorus 
concentration or loading in discharge; air pollution (SOx or 
NOx emissions); process parameters (COD, BOD5, N, P, TSS, 
VSS, temperature); frequency of noncompliance; quantity of 
bypass flow 

2, 9, 10  

Water & soil 
quality 

Eutrophication potential; nitrogen equivalents; marine or 
freshwater toxicity; acidification; heavy metal content; 
pathogen content; potential remediation costs; biodiversity 

1, 2 

Ecosystem 
services 

Willingness to pay; property values; tourism revenue; 
recreational swimming or boating/fishing fees; water quality 
requirements for swimming or boating/fishing 

11, 12, 14 

Production Energy Total or net production/consumption of electricity (kWh), 
fuel, or biogas; importance to local energy market (percent 
contribution of generated biogas or electricity); local 
demand for electricity, fuel, or biogas 

2, 4, 9, 10 

Heat Amount of heat created (MJ); heat recovery (either as a 
quantity or as a percent of on-site heat that can be replaced 
with recovered heat); local demand for waste heat 

2 

Solid products Total volume for landfilling (ash or sludge, should be 
minimized); disposal costs; potential reuse value (market 
value for insect feed, animal feed, building material, 
bioplastics, etc.); nutrient content for recovery (phosphorus, 
nitrogen); local demand for sludge products 

4, 7, 9, 10 

Water Flow; total treatment capacity of the facility; instream flow 
extent (volume discharged back into the environment); 
groundwater recharge; ecosystem services (quantity of 
water required to provide value to local residents, see 
environmental metrics for examples); industry willingness to 
pay for industrial reuse of water or recovered materials; 
relative value of ecosystem services and industrial water 
reuse; local demand for water 

11, 12, 14 
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Facility 
optimization 

Location Land area/footprint required for certain method or 
technology; transport distance from wastewater source; 
transport distance to disposal location (e.g. agricultural area 
for land application, landfill, incinerator, digester); transport 
distance to consumers of biogas or sludge products; distance 
from suppliers and support staff; distance from demand for 
waste heat 

3 

Operation Complexity (the degree of expertise required to operate the 
plant); start-up, recovery, and/or shutdown time; quantity or 
frequency of training; quantity of chemicals or additives 
used; equipment life expectancy; effectiveness of 
treatment/percent removal of target substances; process 
parameters (COD, BOD5, N, P, TSS, VSS, temperature, C/N 
ratio); degree of automation; controllability; resilience 

4, 5, 8, 9, 
10 

Expansion Modularity; scalability; level of specialization (% of generic 
vs. customized components and systems); whether a plant or 
system is over- or undersized; ease of integration; level of 
technological development (pilot scale, full scale, etc.); 
flexibility  

1, 2, 3, 9, 
10 

Societal Economic growth Employment (total number of jobs or jobs per volume of 
waste or wastewater); employee salaries or wages; 
importance to local economy (percent of local employment 
or purchasing power at local businesses); growth of the 
water sector (number of jobs created); independence from 
imports; importance to local energy market (percent 
contribution of generated biogas or electricity); sourcing 
from small/medium enterprises vs. big corporations 

2, 11 

Sustainability Percent of materials sustainably sourced; support for 
sustainable initiatives (e.g. organic farming); quantity or 
percent of fossil energy displaced by biogas or waste energy; 
contribution to circular economy (closed loop); community 
impact 

1, 11 

Public support Willingness to pay for wastewater services (fees, taxes); 
political support; political/legal ease of investment; 
aesthetics; odor; public trust 

2, 6, 7, 
11, 13 

Safety Public health risk; employee exposure to wastewater or 
hazardous materials (contact hours, maximum 
concentrations, total exposure) 

2 

Equity Percent of materials ethically sourced; impact equity 
(distribution of projected impacts and benefits); political 
independence 

4, 6, 13 

Technology Technical readiness level; technology export value; growth of 
the water sector (world or European ranking, percent of total 
economy); number of patents; number of products or 
technologies on the market; distance to nearest technical 
expert; level of technological development (pilot scale, full 
scale, etc.)  

2 
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Risk 
management 

Reliability Maintenance costs (labor, materials); cost of redundant 
equipment to meet risk thresholds; resilience (ability to 
handle short-term disturbances in operation); maintenance 
hours; % unavailability of equipment; change in downstream 
value or treatment effectiveness due to malfunctioning 
equipment; service life of components 

1, 6, 8, 10 

Environmental 
risk assessment 

Remediation needs; remediation costs; toxicity indicators for 
soil and water (see environmental metrics); relative 
concentration to land use concentration limits; frequency of 
noncompliance 

2 

Health & safety Number of accidents; occupational health rating; number of 
hours of human contact with hazardous substances 

2, 8, 13 

Uncertainty Ability to collect data; quality of data collected; statistical 
uncertainty; flexibility (ability to handle uncertain and/or 
varying conditions); market stability; level of technological 
development (pilot scale, full scale, etc.)  

1, 2, 3, 
10, 15 

1 Balkema et al., 2002 
2 Cornejo et al., 2018 
3 Corominas et al., 2013 
4 Foley, de Haas, Hartley, et al., 2010 
5 Garrido-Baserba et al., 2016 
6 Godskesen, Hauschild, Albrechtsen, & Rygaard, 2018 
7 Guest et al., 2009 
8 Hopkins et al., 2001 
9 Lorenzo-Toja et al., 2015 
10 Mihelcic et al., 2017 
11 Ries et al., 2016 
12 Ringold, Boyd, Landers, & Weber, 2013  
13 Traverso et al., 2018 
14 Weber, Meixner, & Stromberg, 2016 
15 Yoshida, Clavreul, Scheutz, & Christensen, 2014 

 


