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Abstract: A wastewater refinery is a multifunctional solution that combines different technologies
and processing schemes to recover a spectrum of valuable materials from municipal or industrial
wastewater. The concept of wastewater refinery introduces a new perspective on wastewater treat-
ment and management. It aims at making the most of wastewater constituents by co-producing
different worthful outputs, such as water, energy, nitrogen, sulfide, and phosphorous. This can
turn the treatment of wastewater from a major cost into a source of profit. The wastewater refinery
approach is well aligned with the concept of the circular economy. A case study on Qatar’s wastewa-
ter revealed the potential recovery of significant quantities of valuable resources embodied in the
country’s wastewater. Valorization of organic constituents and the recovery of nitrogen, phosphorus,
and sulfide should be given priority. To facilitate the adoption of the wastewater refinery concept,
research is required to explore technical and economic bottlenecks.

Keywords: wastewater refinery; wastewater recycling; resource recovery; circular economy; resource
efficiency; mass flow analysis; nutrients

1. Introduction

As a result of the increasing pace of industrialization, urbanization, and agricultural
activities during the last decades, water pollution and water scarcity have become critical
issues of our modern societies [1]. To achieve a transition towards more sustainable
development, new concepts of wastewater treatment are needed [2–4]. Therefore, sound
management of wastewater unfolds to be an issue of even higher priority. The Agenda
2030 for Sustainable Development of the United Nations, Sustainable Development Goal 6
(SDG 6: Clean Water and Sanitation) specifies that countries should halve the proportion of
untreated wastewater and substantially increase recycling and safe reuse by 2030. Reaching
SDG 6 is embedded in the achievement of all the other sixteen SDGs of the Agenda 2030 [5].

Quantity and quality of wastewater depend on many factors, such as human behavior
and lifestyle, standards of living and economic development stage of a society, prevail-
ing water management systems, including the design of sewer systems, and regulatory
frameworks [6,7]. Wastewater contains components of environmental and human health
concern [8], considered as pollutants, such as oxygen-depleting ammonia, organic loading,
synthetic organic chemicals, and more recently, microplastics [9]. To reduce environmental
and human health risks, the prevailing paradigm of wastewater management aims at
effectively decontaminating the wastewater flow by removing pollutants through the ap-
plication of different processes. The performance levels of installed wastewater treatment
systems strongly vary globally and regionally, with the economic development stage of
countries being a relevant factor [10].
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The proportion of the global population who still lack even the basic sanitation
service was estimated at 27% in 2017 [11]. In many developing countries, significant
quantities of wastewater continue to be discharged without treatment to natural water
bodies. Rapid urbanization and industrialization frequently undermine progress towards
better sanitation despite efforts of constructing more wastewater treatment facilities [12].
In contrast, in developed countries, more than 95% of the population is connected to a
wastewater treatment scheme, usually a WWTP (wastewater treatment plant) [13]. State-
of-the-art wastewater purification systems today employ manifold technologies based on
physical, biological, chemical processes, or their combination [8], which consume energy
and chemicals. Wastewater treatment accounts for 3% of the total global energy demand,
and it is responsible for more than half of the greenhouse gas emissions of the water
industry [14]. WWTPs are highly resource-intensive facilities [13].

At the same time, wastewater itself represents a potential resource because its con-
stituents can be recovered as secondary raw materials. As an example, nutrients, such
as phosphorus and nitrogen, if recovered from the wastewater flow, can serve as input
materials for agricultural fertilizer production [15], while otherwise, they risk causing eu-
trophication of water bodies. Wastewater treatment and recovery of valuable components
do not only contribute to reducing adverse environmental impacts associated with human
settlements and industrial production sites but also represent viable strategies to alleviate
water scarcity and use natural resources more effectively.

Wastewater recycling is increasingly seen as an integral part of water demand manage-
ment [16]. The recovery of valuable components, such as phosphorus, is becoming more
and more applied in practice [17], however, the economically viable recovery of nutrients
from wastewater remains challenging, especially in developing countries [18].

While resource recovery from wastewater is not a new approach, the focus so far
has mainly been on the recovery of a single material of interest or on increasing the
effectiveness and efficiency of existing technical solutions. A more holistic framework to
look at wastewater as a versatile resource, including as a strategic element to sustainably
manage freshwater, is missing. Freshwater, like biomass, represents a renewable resource
with a risk of overexploitation if not carefully managed (i.e., if the sustainable yield is
exceeded), and thus freshwater and biomass both are conditionally renewable resources. To
reduce the risk of undermining the regenerative capacity of such conditionally renewable
resources, it is essential to make the best possible use of each unit of the resource. For
biomass, this challenge of using each unit of the resource with highest productivity has been
captured by introducing the concept of biorefinery, which aims at processing the different
constituents of biomass individually in order to produce different valuable outputs [19].
Like biomass, wastewater contains different components which could be valorized at
a high value by applying a refinery approach. This novel perspective of wastewater
refinery is elaborated in this work. The concept of wastewater refinery comes as an
advanced approach of integrative and multifunctional wastewater management, targeting
the recovery of different valuable wastewater components under a holistic optimization
perspective. The emerging concept of wastewater refinery shares some conceptual elements
with other refinery approaches, such as petroleum refinery and biorefinery, but it also has
unique features because it is tailored to make the best possible use of wastewater under a
circular economy approach.

The goal of this paper is to present the concept of wastewater refinery with its main
approach, key features, and benefits. In doing so, this work aims at triggering a new scien-
tific discussion on how to sustainably manage wastewater, and thus this work also aims at
paving the way to identify new and optimum wastewater treatment technologies. To illus-
trate a potential application in practice, the paper builds upon our previously published
case study (‘Potential recovery assessment of the embodied resources in Qatar’s wastewa-
ter’) in the journal Sustainability [20], where an analytical assessment was conducted into
the potential recovery of resources from wastewater in the state of Qatar. The concept of
wastewater refinery as such was only briefly introduced but was not discussed in detail. An



J 2021, 4 53

initial introduction of wastewater refinery was made available by an entry published on the
MDPI Encyclopedia Platform, titled ‘Wastewater Refinery’ [21], however, due to the nature
of the encyclopedia entry, the information available there represents a general overview
only. A significantly extended journal version is presented here upon an invitation of the
editor of the J journal to bring the concept to the attention of a broader audience.

2. The Concept of Wastewater Refinery

2.1. Wastewater Refinery: Interrelation with Petroleum Refinery and Biorefinery

The concept of wastewater refinery [20,21] is inspired by the concepts of petroleum
refinery (also referred to as petrochemical refinery, or simply oil refinery) and biorefinery.
In all these refinery approaches, different technologies and processes are combined together
(usually in one factory or a processing network) to supply a variety of marketable products
in parallel, thus making the most of the components embodied in the influent to be
processed [22]. The input of a petroleum refinery is crude mineral oil, while the input of a
biorefinery is biomass, either biomass purposely grown and harvested for this purpose or
organic residues, such as biowaste from households, food waste, or agricultural residues.
In the case of wastewater refinery, the input is wastewater originating from households
or industry.

A petroleum refinery is a standard industrial facility to transform crude mineral
oil into marketable intermediate or final products, such as diesel fuel, gasoline, heating
oil, kerosene, and feedstock for the petrochemical industry like ethylene and propylene.
Petroleum refineries are tightly coupled to the widespread usage of fossil resources and,
therefore, have a long history.

The biorefinery approach is an emerging concept that has been under research and
development over the last decades, and it continues to be further evolving [23]. Similar to
a petroleum refinery, biorefinery is a multifunctional solution that uses different methods
and technologies widely in parallel to produce a spectrum of valuable outputs. This
acknowledges biomass as a diverse resource that contains a variety of components that
can all be used in well-tailored schemes to generate the highest benefit from each unit of
biomass. Typical products of a biorefinery are bio-based chemicals, biofuels, bioenergy, and
food. Biotechnological processes, employing microorganisms to achieve the envisaged goal,
are often used in combination with chemical or thermochemical processes. Implementation
of biorefinery schemes is seen as a solution to make the best possible use of the limited
biomass resources, and it is a step forward to pave the way for a bio-based circular
economy [24,25].

Wastewater is composed of a variety of components as well, including water, organic
compounds, inorganic materials, sulfide, heavy metals, and nutrients, such as phospho-
rous and nitrogen, all of which can be valorized after recovery. The field of wastewater
treatment processes applied in practice or under ongoing research and development is
vast [26,27]. A review of the methods available to recover and valorize individual wastew-
ater components is not within the scope of this article and is available elsewhere [20,28,29].
This article specifically focuses on the conceptual idea of wastewater refinery. A refinery
approach for wastewater targets the holistic recovery of the individual components for
their valorization by combining different technologies in an integrated concept. In analogy
to petroleum refinery and biorefinery, co-production represents a key encapsulated feature
of a wastewater refinery, i.e., the joint delivery of several valuable products based on using
a diversified processing scheme at one site or within a structurally coupled network of
specialized facilities.

Table 1 shows a comparison of the main characteristics of wastewater refineries, biore-
fineries, and petroleum refineries. It becomes evident that all three refinery concepts couple
different material and/or energetic utilization pathways to produce a set of different mar-
ketable outputs. It further becomes clear that a wastewater refinery focuses on the recovery
of diverse components contained in wastewater (no matter whether the components are
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organic or inorganic), while a biorefinery focuses on organic materials (biomass) and a
petroleum refinery on fossil resources.

Table 1. Comparison between petroleum refinery, biorefinery, and wastewater refinery.

Petroleum Refinery Biorefinery Wastewater Refinery

Raw material Mineral oil

Biomass from
agricultural
production or forests,
biowastes or other
organic residues

Wastewater from
households or
industry

Processing
Thermochemical
processes and
catalytic applications

Biotechnological
processes in
combination with
chemical processes,
physical processes,
thermochemical
processes 1

Chemical processes,
physical processes,
thermochemical
processes,
biotechnological
processes 1

Product outputs

Fossil-based products,
such as vehicle fuels,
heating oil, bulk
materials, chemicals

Bio-based products
(organic materials),
such as bulk
materials, chemicals
and pharmaceuticals,
food, fodder, fuels 2

Wastewater-
originating products
(organic or inorganic),
such as nutrients,
chemicals, organic
materials, fuels,
freshwater 2

1 Not all of these are necessarily applied in each refinery; 2 Not all product types are necessarily provided by each
refinery, but each refinery delivers a spectrum of valuable outputs, typically combining different material and
energetic utilization pathways.

2.2. Biorefinery Application for Wastewater

Application of a biorefinery approach to wastewater, i.e., the advanced recovery of
bio-based materials from wastewater through biotechnological processes, has been pro-
posed by various researchers. Delrue et al. [30] studied the performance of microalgae to
remediate wastewater in a biorefinery concept, targeting the energy market by produc-
ing biofuels. Microalgae biorefineries based on wastewater have become a prominent
research area [31–33]. Especially the production of biopolymers from wastewater by mi-
croalgae is currently receiving great attention [34]. The cultivation of aquatic weeds on
wastewater, such as duckweed, with the subsequent processing in biorefinery schemes to
obtain multiple outputs, including ethanol, methane, and volatile fatty acids, has also been
studied [35,36]. Other researchers have focused on individual elements that could be in-
cluded when conceptualizing a biorefinery, such as the recovery of lipids from wastewater
for the production of biodiesel [37] or the cultivation of cellulase on domestic wastew-
ater [38]. Wastewater-based biorefinery schemes have been referred to as “wastewater
biorefinery” [39,40].

2.3. Key Features of a Wastewater Refinery

While the wastewater biorefinery (discussed above) focuses selectively on a subset of
wastewater components, namely the biogenic components or those which can be valorized
through biotechnological processing, the wastewater refinery concept holistically takes
into consideration that wastewater is composed of water, inorganic and organic (biogenic)
components, and it focuses on the recovery of all types of materials which are present.
Therefore, the wastewater refinery includes physical, chemical, thermochemical, and
biological processes, and the combination of the processes serves to recover the target set of
valuable components. Physical processes usually use screens and filters to remove solids,
biological processes use microorganisms, chemical processes exploit chemical reactions
between components, and thermochemical processes make use of chemical reactions at an
elevated temperature.
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Integrated processing of wastewater with the aim of co-producing different valuable
outputs, including bulk materials, fine chemicals, and energy, opens opportunities for
synergies to achieve efficient and effective wastewater valorization. Such a concept that
aims at recovering and recycling the constituents embodied in wastewater would contribute
to the implementation of circular economy schemes as well as to turning the treatment of
wastewater from being a major cost into a source of profit. Clearly, wastewater refineries
focus on the recovery of marketable outputs that have greater potential to deliver economic
and environmental benefits than the prevailing wastewater management systems, which
focus mainly on reducing pollution loads. This paradigmatic change represents a turning
point in wastewater management strategies.

The design of a wastewater refinery would require a detailed assessment of both the
technical and the economic feasibility of the integrated wastewater treatment processes and
must be tailored based on the wastewater characteristics and composition. The following
section presents key findings of a case study on wastewater in the country of Qatar.

3. Example of a Wastewater Refinery Approach: Case Study on Qatar’s Wastewater

A case study based on material flow analysis (elaborated with STAN software [41]) was
conducted on the municipal wastewater in Qatar to show the potential recovery of valuable
constituents embodied in wastewater. The material flow analysis established a quanti-
tative assessment of the following components in Qatari wastewater: Solids (dissolved,
suspended, and volatile), COD (Chemical Oxygen Demand), biodegradable constituents as
BOD (Biochemical Oxygen Demand) and ‘Oil and Grease’, nutrients (phosphorous and ni-
trogen), alkalinity, chloride, and sulfide. To estimate the potential recovery of components,
only state-of-the-art recovery schemes which are in common use in practice were consid-
ered in the study, while emerging recycling technologies were not included. Thus, the study
focused on the recovery potential of wastewater components when using well-established
equipment (standard technical equipment), with low risk for failure or uncertainty. The
full case study was presented in an earlier publication [20].

Results of the case study revealed that there is a significant potential to recover several
valuable components from Qatar’s wastewater.

When analyzing the nutrient contents, the findings showed that nitrogen and phos-
phorous contained in Qatari wastewater alone could have a market value of more than
US$5 million per year. The recoverable contents of phosphorous and nitrogen are shown in
Figure 1. The monetary value of nitrogen and phosphorous was estimated based on the
low end of price information for fertilizer constituents [42].

Another promising valorization pathway is the recovery of biogas via anaerobic
digestion of organic wastewater constituents (for the mass flow analysis, please see the
earlier publication [20]). The potential gas generation, based on the organic content of
the Qatari wastewater, was estimated to amount to around 27 million m3 of methane
(equivalent to energy content of more than 270 GWh) per year. Therefore, the inclusion of
anaerobic digestion as one key process within a wastewater refinery could be an attractive
choice. This would integrate a component commonly used in biorefinery schemes into the
wastewater refinery. The integration of emerging and potentially more advanced recovery
strategies currently researched within biorefinery approaches, such as the production of
biopolymers [43,44], was not considered in the case study for Qatar but could also be an
attractive solution to valorize organic constituents present in wastewater.

Furthermore, the case study showed that significant quantities of sulfide are em-
bodied in Qatar’s wastewater, with a potential to be recovered using standard technical
solutions. Other recoverable valuable components, such as chloride or oil and grease,
are present in significant quantities and could be included in more complex wastewater
recycling schemes.
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Figure 1. Mass flow analysis of nutrients (phosphorus, nitrogen) in Qatari wastewater, all flows in
metric tons per year (WW: Wastewater, TP: Total phosphorous, TN: Total nitrogen, NH3-N: Ammonia
nitrogen, I: Inflow; E: Export/output) [20].

The case study on Qatar reveals that the benefits of integrated wastewater processing
are not limited to recovery and recycling of components that represent the pollution load of
wastewater flows, but also include reuse of water itself after wastewater treatment. Qatar
suffers from physical water scarcity where valorization of treated wastewater has been
identified as an option to alleviate water stress in the country [45]. Treated wastewater
could be used for irrigation purposes in agriculture, to replenish groundwater reservoirs,
or for specific applications in households or industry where the required water quality
complies with implementing cascaded water usage schemes, i.e., where water in down-
stream applications has already served for other applications but is still fit for the specific
purpose, such as for toilet flushing.

Interestingly, relatively high alkalinity was found in Qatari wastewater. This sug-
gests that constituents not studied individually in the work were contained in relevant
quantities in the wastewater, and thus the set of valuable components might be more di-
verse, potentially including recoverable components, such as potassium, sodium, calcium,
and magnesium.

4. Discussion

4.1. Discussion of Case Study Findings

The case study on the Qatari wastewater (Section 3) illustrated the high potential of
implementing a wastewater refinery. The focus of the study was to assess and quantify
the recoverable components. The work did not investigate the best available techniques
that could be transferred to Qatar to be implemented in an economically viable way. This
requires further research to identify the best technical solutions and their economic per-
formance under an existing situation in practice. A conceptualized process of wastewater
refinery is illustrated in Figure 2, based on considering nitrogen (N), phosphorous (P),
organic carbon, and water itself, i.e., a scenario found particularly promising in the context
of the research for Qatar (see above). In this wastewater refinery, anaerobic digestion
is applied to convert the organic portion into methane, which can be used to produce
electricity, while digestate from the anaerobic digestion can be recycled as a soil improver.
Ion exchangers are employed to separate phosphorous and nitrogen in order to produce
fertilizer for agricultural applications. Water flows are generated at different stages of the
process with different qualities to serve for various applications (irrigation, industrial and
service water, drinking water).
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Figure 2. Process scheme to recover phosphorous (P), nitrogen (N), and organic material (organic carbon C) from wastewater.

This example introduces a promising vision for the proposed concept of a multifunc-
tional wastewater management strategy. The results of the presented case study pave the
way for the implementation of wastewater refineries for the sound management of Qatari
wastewater and for wastewater elsewhere.

4.2. Implementation of a Wastewater Refinery: Factors to Be Considered

To transfer the concept of wastewater refinery to other regions or cases of applications,
a number of key factors should be considered, as outlined below.

The specific wastewater treatment technologies and their combination need to be care-
fully evaluated and adapted to the local situation, taking into consideration the economic,
geographical, social, and technical parameters [26,27]. A very broad set of wastewater
treatment options are found in practice, and a one-size-fits-all solution is not to be expected
for the advanced recovery of nutrients from wastewater [26]. High variations in the com-
position of wastewater streams and case-specific economic viabilities of solutions make it
essential to design a wastewater treatment scheme for each context individually.

In contrast to conventional wastewater treatment, where the design is mainly based
on wastewater composition, the wastewater refinery approach takes into consideration the
composition of wastewater and the targeted marketable outputs, especially the recovered
secondary resources. Not only the technical design of the wastewater scheme is more com-
plex in a wastewater refinery concept, but also the economic viability assessment. Market
dynamics of resource types might be difficult to be predicted, but the market situation
for secondary resources recovered by circular economy applications must necessarily be
factored in to allow sound decision-making. The design and implementation of a wastew-
ater refinery require more than technical expertise. Engineering aspects, economics, and
engagement with stakeholders are of equal importance.

Water demand is expected to grow worldwide by 55% by 2050 [46]. Already today,
only about 15% of the global population lives with relative water abundance, while most
people are affected by at least latent pressure of potential water scarcity [47]. Many
countries around the world, especially in Asia and Africa, will be facing aggravating
freshwater scarcity in the coming decades, where the increase in water recycling will be
essential [48]. Therefore, the recovery of purified water for usage in irrigation, groundwater
recharge, or other applications will very often deserve high focus in addition to the recovery
of nutrients or other marketable outputs of a wastewater refinery.
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4.3. Relevance of the Wastewater Refinery Concept

Wastewater refinery as a new paradigm is a prospective framework to provide a
holistic conceptual umbrella for ideas and efforts to look at wastewater as a valuable
resource. This can overcome the currently fragmented approach of research and practice
in the field of wastewater management, where the focus is on single technologies, single
processes, or single components contained in wastewater, often under the lens of effectively
removing pollutants. Instead, the refinery perspective comprehensively captures the value
of looking at the diversity of constituents present in wastewater primarily under a resource-
recovery lens, i.e., to effectively take advantage of the variety of wastewater components.

Aiming for the fullest possible use of the components, the wastewater refinery ap-
proach shares similarity to the approach of looking at biomass from a biorefinery perspec-
tive instead of a single selected biomass treatment scheme. The wastewater refinery can
benefit from the high attention recently given to the biorefinery concept in research and de-
velopment because the refinery concept has been widely acknowledged as holding higher
potential for environmental and economic benefits compared to reference systems. This is
transferable from biorefinery to wastewater refinery. In particular, the refinery approach
illustrates that a spectrum of marketable outputs can significantly alter the economic viabil-
ity of processing a waste material or a residue, thus changing a waste or residue from being
a cost factor into a source of economic profit [49–51]. Wastewater refinery represents a novel
application of the refinery concept, however, the successful adoption of the biorefinery
concept, which the last decade has witnessed, and the wide acknowledgment of its benefits
can facilitate the adoption of this new type of refinery based on wastewater as the resource.

The concept of wastewater refinery is equally important for research, education, and
practice. Learning from the biorefinery context suggests that such a complex idea benefits
from first being adopted and advanced by researchers [52,53] in order to explore potential
bottlenecks and most favorable arrangements, including under sustainability criteria, and
thus to create a more mature understanding of a successful implementation.

While the implementation of wastewater refineries represents a promising pathway to
make more efficient use of natural resources, to implement more circular economies, and
to alleviate water scarcity, the reduction of water usage and thus prevention of wastewater
generation should be given the highest priority. Wastage of water violates the basic idea of
sustainable development because it jeopardizes the current and future availability of the
most essential resource of life on earth. Water wastage must come to an end. Where the
reduction of water usage is not feasible, the advanced and holistic wastewater management
approach encapsulated in the concept of wastewater refinery, i.e., co-recovery of water of
adequate quality along with other valuable constituents, ensures that the conditionally
renewable resource freshwater is respected as much as possible.

4.4. Research Needs

Wastewater refinery is an emerging concept. To unlock its potential, research is re-
quired to identify and explore the technical and economic bottlenecks. Technical limits of
operating different processes widely in parallel must be comprehensively framed. Different
technically feasible wastewater refinery product portfolios should be analyzed regarding
the quality of recovered components and the potential barriers to market success. Case
studies on different wastewaters are required to create a broader knowledge base. Wastew-
ater refinery pilot projects can support the adoption of the concept in practice, and they can
support the popularization of the concept as such by involving stakeholders from industry,
administration, and policy-making, including local and regional decision-makers.

Research efforts should also be spent to better understand the factors that support or
undermine the adoption of innovative and resource-oriented concepts, such as wastewater
refinery, in regions where water and wastewater management are currently underdevel-
oped. As an example, Lufingo [54] observed that a too high diversity among water quality
laboratories in Tanzania negatively affected the performance of the public water supply
and sanitation authorities in the country.
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How to strategically integrate the perspective of wastewater refinery into the existing
landscape of wastewater management approaches is another important question. Engaging
multi-stakeholders from academia and industry is essential to advance towards considering
wastewater primarily as a multifaceted resource and to put the concept of wastewater
refinery into practice.

5. Conclusions

A wastewater refinery aims at joint production of different marketable products based
on wastewater as the resource, using advanced integrated processing schemes at one
single location or within a network of facilities. This approach takes into consideration
that wastewater is composed of a variety of different components that can be recovered
and valorized through appropriate technologies and processing schemes. Under such
an advanced conceptual framework, wastewater management is no longer primarily
targeting environmentally clean wastewater, but instead, it aims at co-generating value-
added outputs based on recovering the embodied organics, nutrients, chemicals, and
other components.

The conceptual idea of wastewater refinery was demonstrated by the case study on
Qatar using the material flow analysis of different constituents embodied in wastewater.
The case study on Qatari wastewater confirmed the availability of significant quantities of
valuable components that could be potentially recovered and used for different purposes.
This includes the reuse of treated wastewater for irrigation, groundwater replenishment,
or cascaded water application schemes, such as toilet flushing. Furthermore, the imple-
mentation of an integrated wastewater refinery for Qatari wastewater is highly promising
for the recovery of nutrients, such as phosphorous and nitrogen, to be used as secondary
raw materials in the production of agricultural fertilizers. The recovery of sulfide as a
secondary raw material for the chemical industry and an energetic valorization of organic
constituents via anaerobic digestion with biogas production are further promising.

The potential benefits that can be obtained through wastewater refinery schemes
should not distract the attention of policymakers from the top priority of wastewater
prevention, i.e., the reduction of water consumption must be given the highest urgency
when defining programs for sound water management. Nevertheless, the implementation
of wastewater refineries, focused on the recovery of a set of valuable materials, is an
effective pathway in the transition from a linear economy to a circular economy and more
sustainable management of environmental resources. This is well aligned with achieving
the Sustainable Development Goals of the United Nations.
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