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Research Summary

Water and the Circular Economy - Where is the Greatest
Sustainable Economic Benefit for Resource Recovery in the
Water Cycle?

Research questions

- Which resources can be, in principle, recovered or
obtained from water in Scotland?

- What is the total amount of each resource that is pres-
ent in, or can be obtained from, different water sources
in Scotland?

- Which maximum market value and potential savings in
energy and carbon dioxide emissions could be achieved
when assuming 100% recovery of each resource?

Key Assumptions

The calculations in this report are based on the total amount
of resources present in Scottish waters. It is important to
note that all market values, energy and carbon dioxide
savings calculated in this study do not consider the possi-
ble costs, energy, and carbon dioxide emissions due to the
recovery technologies. These factors should, however, be
considered to determine the economic and environmental
feasibility of recovering each resource. Hence, the reported
maximum potential benefits, which assume total recovery
of the indicated resources, must be interpreted with cau-
tion. We have considered the following resources in this
study: inorganic materials (N, M, Ca, K) from raw waters
and wastewaters; organic materials (cellulose and biosolids);
energy from heat pumps and anaerobic digestion; hydrogen
from electrolysis of treated wastewaters. These resources
were assessed in terms of the amount of resource, market
value, potential energy and carbon dioxide savings, technol-
ogy readiness level.

Main findings

- The most significant potential lies in the recovery of en-
ergy from raw water and wastewater with heat pumps.
We calculated that this recovery could generate up to
approximately 5,800 GWh per year (which corresponds
to approximately 7 % of Scotland's heat energy usage),
corresponding to an economic value of approximately
£200 M/y;

- Anaerobic digestion of wastewaters can also generate
significant amount of resources, in particular methane
(25,000 t/y), energy (450 GWh/y) and CO, savings
(94 kt/y), with a total economic value of £22 M/y;

- If we include other organic solid waste in Scotland, in
addition to wastewaters, anaerobic digestion could
generate over 1 Mt of methane per year, with econom-
ic value of over £550 M/y;

- Recovery of biopolymers (Polyhydroxyalkanoates,
PHAs, polylactic acid, PLA) also has the potential to
give high economic value. However their recovery from
wastewaters is still at a lower technology readiness
level (TRL);

- Recovery of inorganic materials give relatively lower
economic value, energy and CO, savings;

- The electrolysis of treated wastewaters can potentially
generate very large amounts of hydrogen, although
this technology is at a lower TRL.
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Figure: Graphical representation of the estimated benefits in the ab-
stracted raw water and wastewater against the technology readiness of
the recovery process.

Background

In the context of the circular economy, it is essential to try
and recover as many resources as possible from the water
cycle. Many possible resources can, in principle, be recov-
ered from waters and wastewaters, e.g., inorganic and
organic materials and energy. However, it is not known how
much of each resource is present or can be obtained from
waters or wastewaters in Scotland, and the potential energy
and carbon dioxide savings that could be obtained from the
recovery of these resources. This study is aimed at investi-
gating the amount of the most important resources present
in Scottish waters and wastewaters, their economic value,
and the maximum energy and carbon dioxide savings which
we could potentially obtain if we recovered these resources.



Research undertaken

We calculated the amount of each resource (N, P, K, Mg,
Ca, Fe, heat, methane and hydrogen) which is present or
can be obtained from raw waters or wastewaters in Scot-
land, their economic value and the maximum potential

savings in energy and CO, emissions associated with the

recovery of these resources. We also estimated the technol-

ogy readiness level (TRL) of the processes needed for the
recovery of these resources.

The steps in our investigation were as follows:

- We obtained the flow rates of raw waters and waste-

waters in Scotland, their physical properties, and

concentrations of the main components (inorganic ele-
ments, suspended solids and chemical oxygen demand

(COD));

- We calculated the amount of resource potentially

recoverable or obtainable based on (as appropriate) the

mass flow rates of the components, known yields or
energy balances;

- We calculated the economic value of each recoverable
or obtainable resource, based on current market prices;

We calculated the maximum potential energy and
CO, savings, based on the energy and CO, emissions
associated with the production of each resource with
current processes;

We graphically compared the recovery of the various
resources on quantitative terms.

Recommendations

Expand the current full-scale installations of heat
pumps (for raw waters and wastewaters) and anaerobic
digesters (for wastewaters and solid waste). Investigate
the feasibility of these technologies in Scotland at a
commercial scale, looking at their optimisation, costs
and practical implementation. For anaerobic digestion,
this includes looking at policies to favour the use of
biosolids in agriculture;

Investigate the use of electrolysis of treated wastewater
as a process for hydrogen production;

Look at research developments in the area of biopoly-
mer (e.g. PHAs and PLA) recovery from wastewaters.
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1 Introduction

The water industry is increasingly working towards achieving
a circular economy. Water is a valuable resource with the
concept of wastewater treatment shifted from ‘disposal’ to
‘reuse and resource recovery' for environmental, economic
and social benefits (UNESCO, 2017). Figure 1-1 shows

a conventional route of water use and disposal. Water

use begins with the abstraction of raw water from the
source (ground water, rivers, lochs, and/or reservoirs). The
abstracted water is then treated to comply with drinking
water standards where needed. Used water is collected from
the end users through a sewerage system and channelled to
the Waste Water Treatment Plant (WWTP) where its main
pollutants are removed before subsequent discharge into
the receiving bodies (river networks, subsurface water via
re-infiltration, and eventually the ocean).

The quality of water is modified at each stage of this
pathway. The main parameters (or resources) that determine
the quality of water are solids, organic matter, faecal
content, nitrogen, and phosphorus. Another key resource
typically associated with wastewater is energy (e.g., from
the organic fraction present). The quality of water depends
on the origin of the raw water and the treatment methods
involved in any part of the flow pathway. For example,
surface water often contains clay minerals, sandy and loamy
particles as well as organic remains of plants and animals.
The contributing population influences the characteristics

of a sewerage system. The water network in Scotland is
decentralised, for this reason, the composition in the various
water treatment plants will differ.

The natural water pathway is affected by multiple
abstractions and discharges of water, and a balance between
the natural and social cycle is vital to the ecosystem.
Adopting the circular economy is an approach to improving
the sustainability of the water cycle (Stanchev et al., 2017).
The circular economy is characterised by closed system
loops that promote maintenance, reuse, remanufacturing
and recycling as techniques for improved management of
resources (Saidani et al., 2017). from impoundments to
implement the Water Framework Directive. Final report.
WEFD82. Edinburgh, UK. pp 38

Abstracted

The United Nations World Water Development report
(UNESCO, 2017) presented the role of wastewater in
the circular economy as a unified 4-step process in the:
(a) source reduction and prevention of pollution, (b)
contaminants removal, (c) wastewater reuse and (d)
recovery of by-products. Measures for reducing domestic
water distribution and consumption include:

¢ Use of water-efficient appliances and technologies.
¢ Behavioural changes to water demand.
¢ Reduction of leakages in water distribution.

Reducing energy and material consumption in the water
cycle under the concept of the circular economy can
provide sustainable long-term economic growth. Water
reuse involves the indirect or direct use of treated municipal
wastewater for potable or non-potable purposes. From a
recovery point of view, the recovery of resources is possible
at various stages in the water flow pathway. The organic
and mineral matter present in wastewater represents a vast
potential as resources, such as energy and nutrients, with
economic and environmental benefits.

The goal of this project is to identify and quantify the
available opportunities for resource recovery in the Scottish
water cycle. The water network represents the active
catchment areas in Scotland which include raw water
(surface and groundwater) and wastewater. The project
focused on four primary objectives:

¢ To determine the potential resources recoverable from
the water network in Scotland, including raw water and
wastewater;

¢ To quantify the available resources in the different water
types (e.g., raw water or wastewater);

e To estimate the commercial value of these resources;

¢ To quantify the potential savings associated with the
recovery of these resources, for example, energy and CO,
savings.

This report provides a first evaluation of the total resource
budgets at the national scale for Scotland, with regional
differences considered via weightings where information
was available. It addresses the national potential for resource
recovery.

Figure 1-1 Water distribution network
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This study does not investigate the costs, energy
requirements and carbon dioxide emissions associated with
the technologies required for resource recovery. Therefore,
the economic value, energy and carbon dioxide savings
reported here are the maximum potential savings without
considering the recovery technology. Of course, for a

full feasibility study of resource recovery, each recovery
technology needs to be investigated in terms of their

costs and energy requirements, to determine whether the
recovery of each resource makes economic or environmental
sense.

2 Opportunities for resource
recovery from the water
network

The primary routes for resource recovery in the water sector
involve materials (inorganic and organic materials), energy,
and water itself (Figure 2-1). In this report, we focussed

on the recovery of inorganic materials, energy and organic
materials, and not on water reuse because it was not
considered a priority for this study.

Other resources which were initially considered but were
not included in this report are pharmaceuticals and heavy
metals. These were excluded here because they are present
in low concentrations and there are currently no recovery
techniques for pharmaceuticals. In particular, we could have
included in our analyses either the value of lead recovery
and/or the cost savings for reduction of treatment associated
with pipe network improvement. However, for this, we
lacked data on the extent of the affected pipe network.

For sources of energy, we mainly focussed on methane,
hydrogen, and heat. We did not include how energy can be
recovered, e.g., via pressure, heat and/or low-head hydro
from Scotland's reservoir network. Again, this was due to

*Nitrogen *Methane
*Phosphorus eHydrogen
ePotassium *Heat
eCalcium

eMagnesium

elron

the lack of data available for such analysis. Finally, the focus
of raw water is on that which can potentially be abstracted
from surface and groundwater bodies. We did not consider
catchment management approaches such as capturing
runoff (with associated resources such as nutrients)

from fields, mainly because the evidence base for these
technologies is limited and where available this is local and
highly variable. At present, these conditions impose critical
challenges for upscaling to catchment or national scales.
However, research is currently being developed with regards
to exploring different approaches (such as nature-based
solutions for capturing runoff) and quantifying resources, so
that these could be considered in the future.

2.1 Inorganic materials

2.1.1 Nitrogen and phosphorus

Nitrogen and phosphorus are primary agricultural nutrients
present in fertilisers and are essential to plant growth.
Nitrogen is usually present in waters as ammonia (NH,) or
nitrate (NO,) (Sprynskyy et al., 2005). Ammonia-nitrogen
in sewage results from the bacterial decomposition of the
organic constituents. Ammonium salts/solution can be
produced from ammonia-rich waters using stripping and
adsorption (Latimer et al., 2012). Other technologies for
nitrogen recovery include chemical precipitation, reverse
osmosis, biological/chemical oxidation, and electrodialysis
(Thompson Brewster et al., 2016; Tice and Kim, 2014).
Electrodialysis is an advanced membrane technology process
that utilises electrical current to separate charged and non-
charged molecules.

Like nitrogen, phosphorus is also an essential macronutrient
for plant growth and development (Sun et al. 2018).
Phosphorus is currently produced from non-renewable

Organic

materials Water
eCellulose
*Bioplastics
eBiosolids
eBiochar

Figure 2-1 Possibilities for resource recovery from (the treatment of) water considered in this report
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resources, primarily phosphate rocks. While there are
contradictory literature studies on the lifetime of P
reserves, the rock reserves are predicted to be exhausted
for use in the next 50-100 years (McDowell and Sharpley,
2004; Herring and Fantel, 1993). 20-60% of the current
resource base would be extracted by the year 2100 (Van
Vuuren et al., 2010) with the increasing global demand for
phosphorus-based fertilisers. 22% of global phosphorus
demand could be satisfied by recycling human urine and
faeces worldwide (Mihelcic et al., 2011).

Phosphorus recovery is a physicochemical process designed
to provide near complete removal of the total phosphorus
present in the influent water and convert it to a product
for reuse (e.g., fertiliser). The recovery of phosphorus

from wastewater (liquid phase and sewage sludge) has
been implemented at full-scale installations (Ostara pearl,
Crystallactor, Gifhorn) (Amann et al., 2018). Over 85%

of the soluble phosphorus present in the wastewater is
removed and recovered as crystals in these processes.

Phosphorus extraction from wastewaters can be from
several different steps in the treatment process, including the
liquid phase, dewatered sewage sludge and sewage sludge
ash post thermochemical treatment (Adam et al., 2009).
Also, its recovery can be induced via chemical precipitation
and supercritical water oxidation.

Cranfield University established a SMARTECH3
demonstration plant in 2017 for nutrient removal and
recovery (Cranfield University, 2017). The plant has a
capacity of 10 m3/d that removes ammonia and phosphorus
from secondary wastewater via ion exchange which are
recovered as ammonium sulphate and calcium phosphate.

2.1.2 Struvite recovery

There are several options for the recovery of resources
(e.g., agricultural nutrients) from wastewater. For instance,
P, N and K may be recovered as separate resources or as

a complex substance such as struvite (NH,MgPO,-6H,0).
Undesired formation of struvite can occur spontaneously

in WWTPs, forming obstructive scales in pipes and pumps,
causing reductions in plant efficiency and high maintenance
costs. Therefore, controlled formation and recovery of
struvite ahead of the main treatment plant can give benefits
to the plant operation, in addition to recovering a valuable
resource. Source separation of urine is an efficient method
of recovering struvite since urine contributes around 80%
nitrogen, 50% phosphorus, and 90% potassium to the
total wastewater load (Maurer et al., 2002; Ronteltap et
al., 2007). Struvite usually precipitates as white crystals

(El Diwani et al., 2007). Figure 2-2 shows a schematic for
struvite recovery in a fluidised bed reactor.

2.1.3 Potassium and Magnesium

Potassium (K), currently mined from potash deposits, is an
essential plant macronutrient with no known substitutes.
Unlike nitrogen and phosphorus, the recovery of potassium
from raw water or wastewater has attracted very little
interest, due to its low market value and abundant reserves
that are expected to last 330 years (Batstone et al., 2014).

Methods of removing metals include physiochemical
techniques such as filtration, solvent extraction, adsorption,
electrodialysis and through biological and membrane
processes (Barakat, 2011). Crystallisation is an established
technique for the simultaneous recovery of nitrogen and

phosphorus.
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Figure 2-2 Schematic representation of Struvite recovery in a WWTP




The concentration of magnesium in many wastewaters
is low in comparison to levels of ammonia-nitrogen and
phosphorus but it is still recoverable as a compound. The
use of magnesium in the wastewater treatment process
promotes the removal of both organic materials and
nutrients, particularly phosphorus and nitrogen. Quist-
Jensen et al. (2016) proposed a process that integrates
magnesium recovery from seawater for use in struvite
recovery.

2.1.4 Calcium

Precipitated calcium carbonate (PCC), also referred to as lime
pellets may be recovered from raw waters and wastewaters.
Typically, PCC is produced by carbonating calcined natural
calcium carbonate (limestone). The calcination process,
however, generates more CO, than is bound during the
carbonation process. An alternative technology in the
Netherlands is the crystalactor based on the principle of
crystallisation. The crystallisation is typically performed in a
fluidised-bed reactor, in which the crystals precipitate on a
seed material (e.g. sand particles). The recovered pellets may
be used as a secondary raw material in the agriculture, steel
and construction sectors.

2.1.5 Iron

Iron is present in low concentrations in water sources.

Iron recovery is not as widely practiced as the previously
described resources. In principle, iron can be recovered from
waters by precipitation at alkaline pH.

2.2 Energy

The forms of energy associated with water can be classified
into three groups:

Chemically-bound energy in the organic materials (this
is present in significant amounts only in wastewaters).
Chemically-bound energy can be obtained from waste-
waters using anaerobic digestion (AD);

Thermal energy from the sensible heat of water and
wastewaters;

Hydrogen energy, obtained when water is split into hy-
drogen and oxygen using electrolysis so that hydrogen
can be used as an energy vector.

2.2.1 Anaerobic digestion for methane
production

Conventional anaerobic digestion converts the chemically-
bound energy in wastewaters into biogas, which can be
used for heat and electricity generation. In anaerobic
digestion, the biodegradable fraction of the organic matter
in the wastewaters or solid waste is converted into biogas
by microorganisms in the absence of oxygen. The biogas
consists mainly of methane (50-75% by volume) and
carbon dioxide (30-55%) as well as small concentrations

of other gases. Typical feedstocks for biogas production
include animal waste, agricultural residue, food and drink
wastes. Municipal wastewaters are typically treated using
aerobic processes, rather than anaerobic digestion, which is
often later used to treat the sludge produced from aerobic
treatment plants. However, direct anaerobic treatment of
municipal wastewaters is becoming of increasing interest at
both research and commercial level, even though challenges
still remain due to the slow rate of anaerobic reactions,
especially at the low temperatures of municipal wastewaters
in colder climates, such as in Scotland. In most cases, the
methane produced from anaerobic digestion is combusted
on site in CHP (combined heat and power) units, which
generate power and heat. Biogas may also be cleaned up
by removing carbon dioxide and other gases, leaving only
pure methane, which can then be injected into the gas grid,
used as vehicle fuel or used for the manufacture of other
chemicals.

Anaerobic
digestion

Wastewater—>

Screen

Figure 2-3 Schematic of biogas production through anaerobic digestion

2.2.2 Anaerobic digestion for
hydrogen and methane production

Anaerobic digestion could also be used in a two stage
process for the production of hydrogen and methane, even
though this process is still at the research stage. Hydrogen is
an intermediate in anaerobic digestion and in conventional
processes (2.2.1) is converted to methane. However, there
is a large volume of lab- and pilot-scale research focused on
the use of AD for the production of hydrogen and methane,
rather than methane only. Hydrogen is currently produced
globally at a rate of approximately 50 million tonnes per
year and is typically produced from natural gas by the steam
methane reforming (SMR) process or (in smaller amounts)
by water electrolysis.



2.2.3 Heat recovery

Thermal energy from water (raw water and wastewaters)
can be recovered using an auxiliary circulating fluid boiling
at low temperature and heat exchangers (evaporators and
compressors). The heat exchanger is used to extract the
sensible heat from the water, which is transferred to the
heat pump. Several facilities have successfully operated
based on the heat recovery from sewers technique for many
years. An example is the sewage scheme that provides over
95% of the annual heat demand at a college campus in

the Scottish Borders (Scottish Water, 2017). The four main
components of a wastewater energy recovery system are
the sewage source, the solid-liquid separation mechanism,
heat exchanger, and the heat pump. Switzerland has about
50 operational heat recovery facilities (Durrenmatt, 2014).
Figure 2-4 below depicts the working principle of the heat

pump.
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2.2.4 Electrolysis of treated
wastewater to produce hydrogen

Instead of being discharged into the receiving water body
(river or sea), treated wastewater could (in principle) be
used to generate hydrogen using an electrolysis process. In
this process, electricity would be used to provide the energy
required to split water into hydrogen and oxygen, according
to the reaction:

2H,0—-2H,+0,

This process would only make environmental sense if the
energy required for electrolysis is entirely or mainly derived
from renewable sources using low-carbon processes (e.g.
solar, marine or wind energy). In this case, electrolysis of
treated sewage would be a process to convert electrical
energy into an energy vector (hydrogen) which can be
converted back to energy for transportation or heating.
Water electrolysis for hydrogen production is already used
by the Aberdeen City Council in a pilot project, where the
hydrogen is used in fuel cells for road transportation (buses
and cars) (Aberdeen City Council, 2015).

O

\

Condenser

Figure 2-4 Schematic of a heat recovery system from wastewater (Adapted from Wilderer, 2010)



2.3 Organic materials

Regarding the recovery of organic materials from
wastewater, there are different options, routes, and
priorities. This report considers cellulose, bioplastics,
biosolids, and biochar.

2.3.1 Cellulose

Cellulose is a polysaccharide found in toilet papers and can
be recovered during the primary treatment of wastewater
and represents a significant fraction of the wastewater
COD (Chemical Oxygen Demand). Ruiken et al. (2013)
demonstrated that the removal of suspended solids from
the influent wastewater with sieves decreased the overall
energy requirement for treatment by 40% (less aeration
required). Sieves with a fine mesh <0.35mm efficiently
remove cellulose fibres, removing 50-80% of the suspended
solids (Rusten et al., 2016). A cellulose recovery plant near
Amsterdam (Beemster Wastewater Treatment Plant) uses
Salsnes Filters to separate fine cellulose fibres from the
wastewater. The recovered cellulose fibres are processed
into sugar and subsequently to lactic acid which serves as
a base material for polylactic acid (PLA), a biodegradable
type of plastic. Other applications of cellulose include
dewatering filter media, carbon source, e.g., for production
of fatty acids, activated carbon, stabilising additive in
asphalt production (for road construction). Other benefits
of cellulose recovery include reduced sludge production,
minimal chemical consumption and lower release of
phosphate.

Screen
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Figure 2-5 Schematic of cellulose recovery from wastewater

2.3.2 Biopolymers (bioplastics)

Bioplastics are alternatives to conventional oil-based
plastics because they are derived from renewable resources.
Polyhydroxyalkanoate (PHAs) is a type of biodegradable
polymer synthesised by bacteria as energy and carbon
storage materials (Villano et al., 2010). The first step in the
PHAs recovery process is the acidogenic fermentation of
the influent stream during which VFAs are produced. The
generated VFAs are thereafter converted into PHAs in an
aerobic process. Figure 2-6 shows a schematic of PHAs
production from wastewater.

Acidogenic L VrAse| Aerobic

Wastewater !
fermentation process

—PHAs®

Screen

Figure 2-6 Schematic illustration of PHAs recovery from wastewater

Polylactic Acid (PLA) is primarily produced through two
different processes: polymerisation and condensation
(Rudnik, 2010). The most common polymerisation
technique is the ring-opening polymerisation which
generates larger PLA molecules from the reaction between
the lactide monomer and a metal catalyst. PLA is extensively
used for biomedical applications (Lasprilla et al., 2012).
Other applications include domestic (such as textiles, bottles,
food service ware, packaging containers), engineering

(e.g., drainage and building materials) (Sin et al., 2013). A
schematic of PLA production from wastewater is illustrated
in Figure 2-7.
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Figure 2-7 Schematic illustration of PLA recovery from wastewater

2.3.3 Biosolids

The semi-solid residue generated during the treatment

of domestic wastewater is known as sewage sludge.

The treatment and disposal of wastewater sludges
represent significant cost factors in the treatment process.
Approximately 40 million litres of liquid sludge (1% dry
solids) is produced daily at the Scottish water treatment
plants (Scottish water, 2006). AD is the most popular
treatment for sewage sludge because of the generation
of energy (OFWAT, 2015) and biosolids, which could

be used as a soil conditioner or fertiliser. AD reduces the
sewage sludge by 30-50%, consequently minimising the
transportation costs (Nges and Liu, 2010). Biosolids are rich
in organic matter and valuable agricultural nutrients like
nitrogen, phosphate and potassium and other minerals.

2.3.4 Biochar

Biochar is a carbon-rich solid product formed by pyrolysis

of biomass. In this report we will consider the biochar
produced by pyrolysis of the biosolids produced from AD.
Pyrolysis is a thermal process that occurs in the absence of
oxygen (Bridgwater, 2003) where the pre-dried biomass is
heated at temperatures greater than 300°C (Inguanzo et al.,
2002). 90 wt.% of the dry sludge is converted into a solid
char (Bonfiglioli et al., 2014). Pyrolysis of organic materials
generates combustible gases and bio-oil, in addition to the
biochar, which can be used for energy production (Yaman,
2004). The generated energy can support the entire plant
(including drying, pyrolysis, biochar cleaning, and storage)
(Wang et al., 2012). Biochar can be used as a slow-release
fertiliser because of its good adsorption capacity for nitrogen
and phosphorus (Sun et al., 2018). The conversion of
biosolids to char eliminates the CH, emissions associated
with the direct spread of biosolids on land since no further
decomposition would occur. Biochar has excellent ability



to remove polyaromatic hydrocarbons, heavy metals,
ammonium, nitrate, phosphate, and other groundwater
contaminants. These contaminants are effectively retained
(adsorbed) on the external surface or on the internal pores
of biochar (Beesley et al., 2010).

2.4 \Water

Savings in the amounts of abstracted water can be obtained
by reductions in the water usage and by re-use of treated
water.

Efficient implementation of water conservation has been
demonstrated through the installation of water efficiency
appliances (e.g., efficient shower heads, shower monitors,
ultra to low water demand toilets, water-efficient washing
machines). A study carried out by Lee et al. (2011) on
consumer water conservation over a four-year period found
that water efficiency appliances can reduce the demand for
water by up to 14%.

Incentives for switching to water efficient units for the
installation of water efficient technologies exist in several
regions (e.g., rebate programs in California (Valley water,
2007); subsidised water efficient appliances and rebates for
rainwater tanks in Sydney (Sydney water, 2010)). These are
generally more acceptable to consumers in contrast to other
management policies such as price increase (Randolph and
Troy, 2008). Water metering at the consumer end is vital for
successful implementation of water conservation through
pricing measures.

Water reuse and reclamation may reduce the energy
demand of the water cycle and contributes to lower
emission of greenhouse gases (Wilderer, 2010). However,
the energy requirement to meet adequate water quality
standards for potable reuse is high. Hence, water reuse

may only be relevant where a significant cost reduction is
possible. Recovering energy from the wastewater can offset
the increased energy requirement. Water reuse for non-
potable uses includes agricultural irrigation, toilet flushing,
industrial recycling (process water, cooling) and groundwater
recharge (Asano, 2007). Reusing treated water preserves
freshwater resources such as high-quality groundwater.
Freshwater consumption is minimised by up to 40% when
water is reused for toilet flushing or irrigation (Bieker et al.,
2010).

3. Methodology

We collected information on the two principal water

types in the water flow path where resource recovery

has the most potential (i.e., wastewater and raw surface
and groundwater). Raw water in this context refers to

the abstracted raw water. We determined the flow rate

of water involved and the concentration of each of the
resources listed in Figure 2-1. Based on these characteristics,
we quantified the resources and analysed their benefits.
Benefit in this report was defined by the economic and
environmental values. The potential environmental benefits
are considered in terms of energy and CO, savings.

Key Assumptions

The calculations in this report are based on the total amount
of resources present in Scottish waters. Our calculations do
not account for the energy and resources required to recover
the resources as these are technology dependent. Also, note
that the market prices of the resources used in estimating
the potential market value are from different years. Due

to the unavailability of regional data, the resources were
estimated based on a centralised perspective rather than

the existing decentralised treatment systems, thus should be
carefully interpreted considering that the available resources
are not equally distributed across Scotland. Where possible,
we applied weighting factors to account for any spatial

distribution.

3.1 Resource quantification

3.1.1 Inorganic materials

The estimation of the loading (mass flow rates) of the spec-
ified resources was done through a mass balance using the
water flowrate and the concentration of the resource. For
wastewaters, the average concentration of each inorganic
material was calculated using the weighted average of the
concentration measured at the inlet of various wastewater
treatment plants in Scotland. The list of the treatment plants
and their inlet concentrations are reported in Appendix A.
The weighted average concentration is according to Equa-
tion 3-1.

o Z?:l QiCi (3_1)

C. =
4 Z?=1 Qi

Where

C,, = weighted average concentration of material in water
(kg/m3)

n = number of sites



C, = average wastewater concentration in the i* site (kg/m?)
Q, = average flow rate in the i* site (m*/y)

For raw waters, the average composition was calculated
from the groundwater (average values for different types
of aquifers reported in Table A-2) and surface water (Table
A-2) composition, assuming 20 and 80 % of the abstracted
water is from ground and surface water respectively (BGS,
2015).

The loadings of the inorganic materials in raw waters and
wastewaters were calculated according to the Equation (3-
2):

Material mass loading (t/y) = C,, XQ,, (3-2)

Where C = concentration of material in the waterand Q=
total flow rate of the water (raw water or wastewater)

3.1.2 Organic materials

3.1.2.1 Cellulose

The amount of toilet paper (cellulose) represents 20 - 35%
of the suspended solids in wastewaters (Ruiken et al., 2013;
Honda et al., 2002). The cellulose load (in tonnes per year,
t/y) in wastewaters in Scotland was calculated with Equation
(3-3):

Cellulose generation (t/y) = Css XQuwXf:  (3-3)

Where C_is the suspended solids concentration, calculated
as the weighted average of the suspended solids
concentration at the inlet of wastewater treatment plants
(Table A-1), and f_represents the fraction of cellulose in
the total suspended solids the influent wastewater =0.2 g
cellulose/g suspended solids

3.1.2.2 Biopolymers

PHAs (Polyhydroxyalkanoates)

Conversion of the wastewater COD to PHAs requires the
conversion of the COD to acetic acid (or to other organic
acids) and then the conversion of acetic acid into PHAs. The
potential PHAs production from wastewaters was calculated
according to Equation (3-4):

PHAs production (t/y) = CcopXQyXxYields xYieldpys (3-4)

Where Yield, =0.315 g acetic acid/g COD (this yield
corresponds to 50% of the maximum theoretical yield of
acetic acid from glucose) and Yield,,,, = 0.32 g PHA/g Ac
(Karlsson, 2010).

PLA (poly-lactic acid)

Conversion of the wastewater COD to PLA requires
conversion of the COD to lactic acid and then
polymerisation of lactic acid. The potential PLA production
(in tonnes per year, t/y) from wastewater was calculated
according to Equation (3-5):

PLA production (t/y) = CcopXQuwXYieldy 4 XYieldpy 4 (3-5)

Where Yield , = 0.465 g LA/g COD (50% of the maximum
theoretical yield of lactic acid from glucose) and Yield, , =
0.51 g PLA/g LA (Orozco et al., 2014)

3.1.2.3 Biosolids

Biosolids represent the total organic solids produced by
anaerobic digestion. It was assumed that the generation of
biosolids corresponds to 0.16 kg (as dry matter) per m® of
wastewater (our own calculations using data from Scottish
Water (2006) (Equation (3-6)).

Biosolids generation (t/y) = QX fs (3-6)

Where f,_is equal to 0.00016 t (DM)/m3.

3.1.2.4 Biochar

Biochar represents the remaining solids after pyrolysis

of the biosolids (which were calculated in the previous
section). The amount of biochar produced was quantified by
assuming that biochar is 10% of the mass of the biosolids
fed to the pyrolysis process (BFT, 2018) (Equation (3-7)).

Biochar generation (t/y) = Biosolids generationxf;. (3-7)

Where the biosolids recovered as biochar generation was
calculated according to Equation (3-6) and f, = 0.10.

3.1.2 Energy

3.1.2.5 Anaerobic digestion for methane or
methane and hydrogen production

The methane production from anaerobic digestion was
calculated using the COD of the wastewater. The COD
represents the amount of oxygen required to completely
oxidise the organic matter to carbon dioxide and water

and is proportional to the total concentration of organic
species. The maximum theoretical conversion yield of the
biodegradable COD to methane is 100% (Dionisi, 2017).
This is in principle not practicable due to the inevitable
production of microorganisms which will decrease the yield.
Therefore, the potential methane production was calculated
(Equation 3-8) assuming a methane generation yield of 80%



COD/COD, i.e., 0.8 kg of methane as COD is obtained

per kg of COD of the wastewater. This corresponds to a
methane yield of 0.2 kg of methane per kg of COD in the
wastewater (1 kg of methane corresponds to 4 kg of COD).

Methane generation (t/y) = Ccop XQwXxYieldcy, (3-8)

Where C__,
wastewater (kg/m?3), Yield

= Average COD concentration in the

cna = 0.2 kg CH,/kg COD, and
Q,, is the already defined total flow rate of wastewaters in
Scotland.

Alternatively, a two-stage process that produces both
hydrogen and methane can be considered. The hydrogen
and methane production with this process was calculated
according to Equation (3-9)

Hydrogen production (t/y) = Ccop X Qw X Yieldy, (39)
Methane production (t/y) = Ccop X Qw X Yieldcys

Where Yield,, = 0.021 g H,/g COD wastewater (this
corresponds to 50% of the theoretical maximum hydrogen
yield from glucose) and Yield_,, = 0.158 g CH,/g COD
wastewater (this assumes that 80% of the total COD of the
wastewater is converted to hydrogen and methane).

3.1.2.2 Heat pumps

The amount of recoverable thermal energy (E) is directly
proportional to the flowrate of the sewage and the change
in sewage temperature and can be calculated by:

E (MW) = pXxQy, Xc, XAT (3-10)

Where ¢ is the specific heat capacity of water (4.18 kJ/
kg°C), AT the change in sewage temperature (°C) and Q,
the volumetric flow rate of water (m3/d). A drop in water
temperature of approximately 6-10 °C is what might be
available for heat energy (McCarthy, 2011). A temperature
change of 5 °C was assumed in estimating the recoverable

thermal energy (Neugebauer et al., 2015).

3.1.3.4 Anaerobic digestion of solid waste

The potential methane production from the anaerobic
digestion of solid waste generated in Scotland was estimated

according to Equation (3-11).

Methane (t/y) = Total feedstock (DM)xCOD factorX Yieldcy,
(3-11)

Where the total feedstock is reported in Table B-1, the

COD factor was assumed to be equal to 1.21 kg COD/kg

dry matter, based on an assumed composition of the organic

waste (Dionisi et al., 2018) and Yield,,,, = 0.2 kg CH,/kg
COD.

3.1.3 Hydrogen from treated water
through electrolysis

From the stochiometric equation of water electrolysis, one
mole of H,O produces two moles of H,. The amount of
hydrogen obtainable from 1 litre of water can be estimated
using the molecular weights of water, hydrogen, and
oxygen. Hydrogen production from water corresponds to
111.8 kg H, per m? of water.

Hydrogen production (t/y) = Qw X fu, (3-12)

Where f,_, is equal to 0.119 t H,/m? water.

3.2 Benefits

Benefits evaluation in this report was based on energy and
CO, savings (assessed at market value) associated with the
resources potentially available in raw waters and wastewa-
ters. The energy and CO, savings are those associated with
the production of the resource from conventional processes.
The market value of the energy resources is related to their
intended purpose.

The equation used to calculate the energy savings associated
with each resource is:

Energy savings (GWh/y) = E;XMaterial loading (3-13)

Where E, is the energy required for production (kWh/kg) of
the resource in conventional processes.

The CO, savings were calculated according to Equation
(3-14). The emission factor (t CO,/GWh) is based on
the primary fuel sources combusted during a process.

CO, savings (t CO, /y) = E;xEmission factor (3-14)

For anaerobic digestion, in addition to the benefits due

to methane production, we also calculated the additional
benefits due to the savings in aeration costs, energy, and
CO, emissions, considering that anaerobic digestion replaces
the conventional aerobic treatment. The average energy
consumption for aeration in aerobic wastewater treatment is

estimated at 0.3 kWh/m?3 (McCarthy et al., 2011).
Aeration savings (£/y) = QwXEeration XCost of electrical energy  (3-15)
Where Q is the flowrate of the wastewater (m3/y), and

E is the energy consumed for aeration = 0.3 kWh/m3.

Aeration



The savings in CO, emissions due to using anaerobic diges-
tion instead of aerobic treatment were calculated assum-
ing that 0.25 kgCO, are generated per kWh of electricity
production.

Therefore, the total energy savings for anaerobic treatment
for biogas and hydrogen recovery reported in the “results”
section was calculated as the sum of the energy gained from
AD and the aeration savings from the conventional aerobic
treatment.

Table 3-1 Parameters used to estimate the potential benefits of the inorganic materials

Resource Market value
(E/kg)

N in fertiliser 0.78°

PinP,0, 1.36°

Kin KZO 0.53°

Cain CaCO3 0.56¢

Mg in MgO 0.71f

Fe in FeSO,-7H,0 0.68"

AWRAP (2018)

b Gellings and Parmenter (2004)
¢Zero Waste Scotland (2016)

4 Average price for uncoated CaCO
(Industrial Minerals prices, 2016)

¢ European Commission (2007)

f FinancialBuzz (2018)

" ICIS (2005)
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Energy consumption to produce the resource
with conventional processes (kWh/kg)

8 European Commission (2010)

CO, emissions to produce the re-
source with conventional processes

(kg CO,/kg)

19.30° 6.80°
493 2.77¢
2.06° 0.61°
0.85¢ 0.24¢
4.158 3.078
0.48¢ 0.1

"Based on the sulphate route of titanium dioxide manufacture. There is no direct CO, emission
associated with the production of ferrous sulphate (copperas) in this process. Therefore the CO,
emission was calculated from the energy consumption related to copperas manufacture assuming that
90% gas consumption and 10% electricity consumption resulting in a weighted average of 0.21 kg
CO,/kWh. CO, emission factor for electricity: 0.25 kg CO,/kWh (energy mix for electricity in the UK).

CO, emission factor for natural gas: 0.2 kg CO,/kWh (DEFRA, 2017).

Table 3-2 Parameters used to estimate the potential benefits of the organic materials

Resource Market value (£/kg)

Cellulose 0.28%
PHAs 4.834
PLA 1.78f
Biosolids" 0.06
Biochar 1.00!

2van Leeuwen et al., 2018

®Energy consumed in the wood pulping process (European Commission,
1999)

¢ Energy consumption (kWh/kg) X GHG emission factor (kg C0,/kWh
natural gas)

4European Commission, 2015

¢ Plastics Europe, 2005, values for polypropylene, because PHAs has
comparable properties and would replace its use.

fLiew et al., 2014, values for polyethylene terephthalate (PET), because
PLA has comparable properties and would replace its use.

& Borodin et al., 2015

Energy consumption to produce the resource with
conventional processes (kWh/kg)
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CO, emissions to produce the re-
source with conventional processes

(kg CO,/kg)
3.34b 0.67¢
20.38¢ 1.69¢
23.288 2.308
0.0008 0.29
3.25 0.64%

" Market value, energy requirements and CO, emissions are calculated
based on the available nutrients concentrations of the biosolids which
assumes a 35 kg N/tonne, 45 kg P,O,/tonne, 4 kg K,O /tonne (DRM,
2015). However, Zero Waste Scotland (2010) reported lower antici-
pated digestate value at around £5 per tonne because the farmers lack
in-depth knowledge about its properties and value.

Value from BBF, 2017

I heating value of biochar (Agar et al., 2018)

“based on the calorific value of biochar and on the CO, emissions
associated with the natural gas (methane) which would be replaced by
the biochar



Table 3-3 Parameters used to estimate the potential benefits ofenergy ...

Resource Market value Energy consumption to produce the resource CO, emissions to produce the resource with
(£/kg) with conventional processes conventional processes
(kWh/kg) (kg CO,/kg)
Methane 0.50% 13.75° 2.75°
Hydrogen© 4.50 51.09 12.20
Heat? 0.036 = 0.20¢

2The market price for methane was estimated based on a market value
of heat energy of £0.036/kWh and with a calorific value of methane of
50 MJ/kg

®The energy consumption was calculated from the calorific value (50
MJ/kg) considering that the production of methane from wastewater
would offset the use of natural gas as energy source. CO, emission
according to the stoichiometry of methane combustion is 2.75 kg CO,/
kg methane.

3.3 Technology Readiness Level

The relative benefits of the considered resources are eval-
uated graphically as grids against the readiness levels of
the recovery technologies. Figure 3-1 illustrates a scale of
readiness levels that was used in assessing the status of the
resources. Technology readiness level is influenced by the
intended purpose of the recovered material.

Research

Figure 3-1 Outline of recovery technology readiness levels
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¢ Price is an estimation of the market value of hydrogen from the
refuelling stations in Aberdeen (personal communication). Energy
consumption is the weighted average of energy required to produce
hydrogen by Steam Methane Reforming (SMR) of natural gas (NREL,
2001) and electrolysis (Renewable energy focus, 2009), assuming that
SMR accounts for 96% of hydrogen production and water electrolysis
accounts for 4%. The same approach was used to estimate the CO,
emission based on the data from NREL (2001).

4 Value in £/kwh. Average market price of heat for domestic use in the
UK.

¢ Value in kg CO,/kWh assuming that heat from heat pumps replaces
natural gas (methane), assuming a calorific value of methane of 50 MJ/
kg and CO, emissions of 2.75 kg CO,/kg methane




Table 3-2. Summary of the TRL for the various technologies considered in this report

Technology

N recovery-Precipitation as struvite or in

other forms, ion exchange or others

P recovery-Precipitation as struvite or in

other forms

Ca recovery- Precipitations as CaCO, or

in other forms

Mg recovery-Precipitation as struvite of

in other forms

K recovery-Precipitation

Fe recovery-Precipitation

Anaerobic digestion for methane pro-
duction

Anaerobic digestion for hydrogen meth-

ane production

Heat pumps
Electrolysis of treated wastewater for

hydrogen production

Bioplastics (PHAs and PLA)

Biosolids

4. Results

The first step in our analysis was the calculation of the

TRL
Medium-High
Medium-High
Medium-High

Medium

Medium

Low-Medium

Medium-High

Low-Medium

Medium-High

Low-Medium

Low-Medium

High

average composition of raw waters and wastewaters in
Scotland and their total flow rates (Table 4-1 and Figure
4-1). Figure 4-1 shows that a significant fraction of the total
abstracted water is lost as leakages before it reaches the final
users. The wastewater flow rate considered in this report

comes from the domestic water and water run offs. Overall,
the concentrations of mineral elements are more abundant
in wastewaters than in raw waters, but flow rates of raw

waters are higher than for wastewater.

Influent
1,831

Comment
Already used in some countries

Already used in some countries

Already used in some countries

Already used in some countries

Already used in some countries

Limited commercial experience

Used commercially for solid waste, use with mu-
nicipal wastewaters much more limited

At research and pilot stage, especially with solid
waste, limited investigation for municipal waste-
waters

Some limited commercial experience
Used at small scale but not with wastewaters

Produced commercially at limited scale but not
from organic waste, very limited research experi-
ence with municipal wastewaters

Already commercially used at large scale

Non domestic consumption—| 405

Domestic—| 787

Treatment

——Operationa-#»| 57

LTota | leakage—— P> 531

Figure 4-1 Water distribution for the 2015/16 period(National statistics,
2016). Figures in Ml/d.

Table 4-1 Average characteristics of raw water and wastewater in Scotland

Parameter
Total flowrate in Scotland, Q
Nitrogen, N
Phosphorus, P
Potassium, K
Calcium, Ca
Magnesium, Mg
Iron, Fe
COD
Suspended solids, SS

Temperature

Raw water

1,831°

1.3
0.06
2.07
25.2

7.1

0.5

Wastewater?

2 Data from 41 sites across Scotland averaged between the period 2016-2017

2015/16 total abstracted water (National statistics, 2016)
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Value
930
19.4
3.7
14.3
455
11.4
25
370
487
12.7

Unit
Mi/d
mg/I
mg/I
mg/I
mg/I
mg/|
mg/|
mg/|
mg/I
°C



Using the information presented in Table 4-1, Table 4-2
reports the total mass flow rates of each resource in raw
water and wastewater alongside the potential benefits
(market value, energy, and CO, emissions savings) assuming
100% recovery of the resources (Table 4-2). Figure 4-2
compares the potential benefits of recovering the various
resources graphically.

As far as the inorganic elements are concerned, calcium
(over 15,000 t/y for each) is the most abundant resource
both in raw waters and in wastewaters. Magnesium'’s

flow is also similar in raw waters and wastewaters (about
4,000 t/y), but the mass flows of all the other elements

are higher for wastewaters than for raw waters. In terms

of market value of the inorganic elements, calcium has the
highest value (£8-9 M/y) because of its mass flow is the
largest, followed by nitrogen in wastewaters (£5 M/y). In
terms of maximum potential savings in energy and CO,
emissions, recovering nitrogen from wastewaters has the
highest impact among inorganic elements (127 GWh/y and
44 kt CO,/y). This is due to the high energy consumptions
and CO, emissions associated with the current production
processes for nitrogen to be used in fertilisers. In terms

of the technology readiness level (TRL), in many cases,
these inorganics can be recovered with relatively simple pH
balancing processes, even though a major issue is obtaining
them with the desired purity.

The recovery of organic materials (cellulose, PHAs, PLA,
biosolids, and biochar) from wastewaters is, in general, more
important, in terms of quantities, market value, energy, and
CO, savings than the recovery of inorganic materials. The
quantities of organic materials are in the range of 2-30 kt/y.
The most significant market value and potential energy and
CO, savings are for PHAs and PLA. These bioplastics have
substantial unit market value because they are renewable
and biodegradable plastics (although the biodegradation of
PHAs is usually much faster than of PLA), and this explains
the substantial amount potentially obtainable from the
recovery of these materials. The TRL is different for the
various organic materials. The recovery of biosolids is well
established, but biosolids have the lowest market value

and energy/CO, savings. Recovery of PHAs and PLA from
wastewaters is not currently done, and it would require
some research and adaptation of the current processes to
produce these plastics. As far as cellulose recovery from
wastewaters is concerned, the technology is not yet mature
and would require additional research and development.

Recovery of heat via heat pumps gives the most significant
potential benefits from raw waters and wastewaters
(excluding hydrogen generation via electrolysis of treated
wastewaters, discussed later) in terms of market value,
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energy, and CO, emissions savings. The reason for this is
that heat pumps utilise the total sensible heat of waters,
while recovery of materials only uses the inorganic elements
or the organic materials present in waters, which account
for a minor fraction of the total mass of the stream. The
market value of the total potential heat generated by heat
pumps is £70M/y for wastewaters and £140 M/y for raw
waters (due to the larger total flow rate of raw waters), with
potential energy savings in the range 2,000-4,000 GWh/y
and potential CO, savings in the range 400-800 kt/y.

Recovery of methane from the organic matter in
wastewaters via AD is another valuable opportunity for
resource recovery. Considering the additional savings due
to avoiding aeration costs, the potential market value of AD
is in the region of £22 M/y, with potential energy savings
of 450 GWh/y and CO, savings close to 100 kt/y. AD is a
widely used technology for the treatment of solid organic
waste. However, it is not widely used for the treatment

of municipal wastewaters. While more research and
development is needed for exploiting the full potential of
AD for municipal wastewaters, we think this technology is
not far off for commercial success. A more innovative type
of AD is its use to produce hydrogen and methane, rather
than methane only. In this case, the benefits would be
more significant than for conventional AD to just methane,
especially considering the large market value of hydrogen.
Nevertheless, this technology needs more research.

AD can generate much more methane, and therefore
energy, if the feedstock is extended to include other organic
waste in addition to wastewaters. With the rate of organic
waste generation in Scotland, AD could potentially generate
over 1 Mt CH,/year, with a value of over £500 M/y, over
15,000 GWh/y and CO, savings of over 3,000 kt/y. The AD
technology for solid organic waste is relatively established.
However, processes need to be optimised depending on the
type of feedstock to maximise the methane yield.

In the case of hydrogen production from treated wastewater
via electrolysis, the amounts of hydrogen potentially
recoverable are huge, in the region of 38 Mt/year. Although
the market value of the produced hydrogen could be very
high, water electrolysis is very energy intensive and at
present hydrogen production using this technology is not
carried out at large scale. It is important to note that water
electrolysis is not likely to give any energy savings in the
production of hydrogen compared to the conventional
process of hydrogen production from steam methane
reforming, because water electrolysis is an energy-intensive
process due to the need to split water into hydrogen and
oxygen. Therefore the energy savings for this resource are
not reported in Table 4-2 and in Figure 4-2. However, the



process is likely to give considerable carbon dioxide savings
if the electricity for hydrogen generation is derived from
low-carbon processes (e.g. wind, marine and solar energy).

Table 4-2. Calculated potential resources and benefits. The values reported in this table correspond to the potential resources obtainable assuming

100% recovery (see Methodology in Section 3). The market values, potential energy and CO, savings do not consider the costs, energy require-
ments and CO, emissions of the recovery processes.

Resource Potential resource  Market value of the resource  Potential energy Potential CO, saving (kt CO,/y)
available (t/y) (£'000) saving (GWh/y)

Inorganic materials from wastewater

Nitrogen in fertilisers 6,578 5,131 126.9 447
Pin P,O, 1,262 1,717 6.2 35

K'in K,O 4,864 2,595 10.0 29

Cain CaCO, 15,423 8,691 131 3.7
Mg in MgO 3,859 2,175 16.0 11.8

Fe in FeSO, 859 586 0.4 0.1

Inorganic materials from raw water

Nitrogen in fertilisers 858 669 17 5.8
Pin P,0, 40 21 02 0.1

Kin K,O 1,383 738 3.0 0.8

Cain CaCO, 16,844 9,433 14 4.1
Mg in MgO 4,753 3,389 20 14.6
Fe in FeSO, 314 214 0.1 0.03

Organic materials from wastewater

Cellulose 33,069 9,259 111 22.2
PHAs 12,642 61,059 258 21.4
PLA 30,061 53,509 700 69.1
Biosolids 54,285 3,019 423 16.0
Biochar 5,429 5,429 17.6" 35

Anaerobic digestion process for methane production

Methane 25,083 12,541 348 69.0

Addlt.lo.nal savings from AD N/A 10,178 102 25.4
by avoiding aerobic treatment

Total resource from AD for 25,083 22,720 450 944
methane production
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Table 4-2. Calculated potential resources and benefits. The values reported in this table correspond to the potential resources obtainable assuming

100% recovery (see Methodology in Section 3). The market values, potential energy and CO, savings do not consider the costs, energy require-
ments and CO, emissions of the recovery processes.

Resource Potential resource  Market value of the resource  Potential energy Potential CO, saving (kt CO,/y)
available (t/y) (£'000) saving (GWh/y)

Anaerobic digestion process for hydrogen and methane production
Hydrogen 2,634 11,852 135 32.1
Methane 19,815 9,908 273 545

Additional savings from AD

by avoiding aerobic treatment N/A 10,178 102 254
Total resource from AD for 22,449 31,938 509 112
hydrogen and methane
il [UTTES o) - 71,012 1,973 395
wastewaters
Heat pumps from raw waters = 139,879 3,886 777
Anaerobic digestion of other organic waste to methane
Methane 1,118,654 553,734 15,381 3,076
Hydrogen from treated wastewater through electrolysis
Hydrogen 37,931,759 170,692,916 - 462,767
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Figure 4-2 Graphical representation of the estimated benefits in the abstracted raw

water and wastewater against the technology readiness of the recovery process
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5. Discussion

5.1 Comparison of Potential vs
Current Resource Recovery Practices

In general, the actual recovery of resources from waters

in Scotland is much lower than the maximum potential
calculated in this report. To the best of our knowledge,
inorganic elements and organic materials (with the exception
of biosolids from AD of sewage sludge) are not currently
recovered from waters in Scotland. Energy, on the other
hand, is being generated from the anaerobic digestion of
sewage sludge. The current energy recovery via anaerobic
digestion of sewage sludge is in the order of 25 GWh/y
(source: Scottish Water), while our study indicates that
AD has the potential to generate 348 GWh/y of energy.
One of the reasons for this difference is that currently

AD is only used for the energy recovery from the sludge
from wastewater treatment plants, which only contains

a small fraction of the organic matter originally present

in the wastewater because most of the COD is degraded
aerobically. Instead, our study assumes the digestion of all
the organic matter in the wastewater, without any aerobic
treatment. The use of heat pumps for heat recovery from
raw water and wastewater in Scotland is also very limited.

5.2 Impact of Recovery on Materials
and Energy Requirements

As far as materials consumption is concerned, Figure 5-1
compares the current needs in Scotland of N, P, and K

with the amounts potentially available in raw waters and
wastewaters. The quantities of these elements available in
Scottish waters correspond to 2-5% of the requirements

in Scotland. There is scope to capture N, P and K (among
water, sediment, and other resources) associated with runoff
from agricultural lands via nature-based solutions or hard
engineering approaches at the source. This would allow

for capturing high concentrations locally, but small total
quantities (as a proportion of the total budget) at a time.
Perhaps more important is the potential impact of energy
recovery from wastewaters and from other sources of
organic waste. Figure 5-2 compares the total heat demand
in Scotland with the heat energy potentially recoverable
using heat pumps or anaerobic digestion of wastewaters and
other organic waste. A signifficant fraction, approximately
20%, of the heat demand in Scotland could be supplied by
these resources. Considering that the vast majority of heat
demand in Scotland is currently provided by natural gas, the
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use of water resources would give a significant contribution
in decarbonising the energy supply and in providing a

renewable source of heat.
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Figure 5-2 Total heat energy demand in Scotland in 2015 compared to
the potential heat energy savings in recovering resources from raw and
wastewater. The chart is based on the data presented in Table 4-2.

Figure 5-3 compares the CO, emissions in Scotland with the
potential savings associated with resource recovery from raw
waters and wastewaters. Recovery of these resources would
correspond to a maximum potential reduction of CO, emis-
sions of approximately 10%, which is a significant impact.
However, the CO, emissions from the resource recovery
technologies themselves need to be considered.
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Figure 5-3 Total CO, emissions in Scotland in 2015 compared to the potential CO, savings in recovering resources from raw and

wastewater. The chart is based on the data presented in Table 4-2.

Regarding the production of hydrogen and plastics, i.e.,
PHAs and PLA, from wastewaters, it is appropriate to

carry out the analysis on a global scale rather than on a
regional (Scotland) scale, because hydrogen and plastics
are not produced (except for minor quantities) in Scotland
but are traded globally. Globally, hydrogen is produced at
a rate of approximately 50 million tonnes per year, while
plastics production is in the order of 350 million tonnes

per year. The rate of hydrogen and plastics potentially
recoverable from Scottish wastewaters can be scaled-up on
a population basis, assuming that the generation of COD
in municipal wastewaters is the same, per capita, across
diferent countries. Since Scotland's population is 1/1,381%
of the global population (population data for Scotland

and the world in 2017), using this scaling factor we can
calculate that the potential production of hydrogen from
wastewaters is in the order of 3.6 Mt/y, while the PHAs and
PLA potential production is in the order of 17.6 Mt/y and
40 Mt/y. These potential production rates are significant and
correspond to approximately 7% and 5-11% of the global
production of hydrogen and plastics, respectively.

6. Conclusions

The most significant potential, with a relatively high
technology readiness level (TRL), for resource recovery
from raw waters and municipal wastewaters lies in

the recovery of heat via heat pumps. Considering
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raw waters and wastewaters together, heat pumps
could potentially generate up to 5,800 GWh/y, with
a potential economic value of over £200 M/y and
savings in CO, emissions of up to 1,000 kt/y;

The use of anaerobic digestion to convert the organic
matter in wastewaters into methane also has a high
potential. Up to 25,000 t CH,/y could be generated,
and, including the savings in aeration energy, the total
market value would be over £20 M/y, with energy
savings of up to 450 GWh/y and savings in CO,
emissions close to 100 kt/y. The value of anaerobic
digestion of wastewaters could be enhanced by
combining hydrogen and methane production, but this
technology is at a lower TRL;

Although at a lower technology readiness level, the

use of the organic matter in wastewater to produce
bioplastics have a significant potential regarding
quantities of plastics potentially recoverable and market
value;

Recovery of inorganic elements from waters and
wastewaters would give comparatively lower benefits,
with market values of up to £10 M/y (for Ca recovery
from raw waters), energy and CO, savings of up to 127
GWh/y and 45 kt/y, respectively (for N recovery from
wastewaters);

Considering solid organic waste (e.g., food and
agricultural waste), the potential benefits of resource
recovery from anaerobic digestion are more significant
than just using wastewaters. Up to 1 Mt CH,/y could
be produced, with a market value of over £500 M/y,



energy savings of 15,000 GWh/y and savings in CO,
emissions of up to 3,000 kt/y;

The total heat generation from wastewaters and solid
organic waste (including both heat pumps and anaer-
obic digestion) could provide up to 20% of the heat
demand in Scotland and could reduce the total CO,
emissions in Scotland by approximately 10%. Recovery
of N and P from wastewaters could provide up to 5%
of the N and P currently used as fertilisers in Scotland;

Very large amounts of hydrogen (over 37 Mt/y) could
potentially be produced by the electrolysis of the treat-
ed wastewaters. This technology could give potentially
very large savings in carbon dioxide emissions com-
pared to current processes for hydrogen production
(steam methane reforming), if the electricity is obtained
from zero- or low-carbon processes. However, the TRL
of this technology is relatively low;

For the recovery project to proceed past a theoretical
stage, it is of critical importance to conduct a technical
and financial feasibility study.
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Appendix A: Raw data of the

water composition

Table A-1 Wastewater characteristics across 41 sites (main wastewater treatment sites in Scotland on the basis of the treated flow rate). SS=Suspend-

ed solids; COD=Chemical Oxygen Demand

Site Flow COD SS NH,-N Ca cl Fe Mg TN P K T
m?3/day mg/| mg/| mg/| mg/| mg/| mg/| mg/| mg/| mg/| mg/| °C

1 13755 552.9 26.1 110.9 4.7

2 21970 312.4 177.0 255 105.7

3 3957 501.7 417.9

4 5693 229.2 116.9

5 34983 693.5 29291 16.2 70.9

6 7158 224.0 112.0 22.4 22.0 3.7

7 10790 2233 43.4 2.2 2.8

8 20605 304.4 249 165.0 3.9

9 23481 366.5 27.0 79.4 4.0

10 3353 130.5 4.6

11 10028 341.6 234 60.6 3.9

12 4325 517.6 521.0 25.0 103.6 6.8

13 40791 300.0 148.5 19.5

14 102755 400.2 251.0 239 46.5 115.2 3.6 12.6

15 112041 3715 530.2 19.6 44.2 59.1 3.0 3.1 12.8

16 11314 435.7 293.6 26.2 85.5 13.0

17 3360 112.2 26.7 1096.0

18 30382 341.3 237.2 49.8 1.1 15.0 21.4 4.6 13.2

19 34625 221.7 209 189.8

20 5695 460.2 24.7 106.1 23.4 5.5

21 352.4 19.5 47.6 35.8 20.9 23.2

22 27950 410.6 28.6 102.1 4.4

23 3894 610.7 43.4 90.7 7.4

24 11859 416.3 312.0 70.4

25 21323 438.2 233.8 19.3 135.9

26 18340 402.2 135.8

27 64583 371.5 248.0 17.0 12.4

28 169.7 785.7

29 8569 126.2 48.2 11.7 77.3

30 6805 251.2 669.3

31 2878 535.9 111.9

32 464.9

33 415.7 3.0

34 25245 494.6 2782.7 36.8 117.7 335

35 424.0

36 22278 390.7 348.5 251 102.2 45

37 179986 258.8 64.4 89.8

38 7419 403.1 93.7 0.8

39 43105 683.2 778.9 111.6 83 15.3

40 9448 247.2 155.1 22.2 30.2 133.8 16.2 3.1 12.4

41 14734 211.0 72.0
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Table A-2 Summary of the groundwater and surface water data used in the calculations.

Site Ca Fe Mg N K
mg/| mg/| mg/| mg/| mg/|
Permo-Triassic aquifers 375 0.01 17.2 3.9 1.7
Carboniferous sedimentary aquifers 58.7 0.05 27.2 0.7 4.4
gifﬁ:g’;g OC‘C’)Z ls)ed'me”tar y aquifers 71.0 0.68 28.2 0.0 43
Old Red Sandstone North aquifers 61.6 0.03 8.1 0.7 2.6
Old Red Sandstone South aquifers 47.5 0.01 14.4 4.0 2.1
Silurian and Ordovician aquifers 39.1 0.01 12.5 25 1.2
Highland Calcareous aquifers. 62.8 0.01 4.8 1.6 2.4
Precambrian North aquifers 20.9 0.04 3.7 0.3 1.9
Precambrian South aquifers 17.4 0.04 45 1.8 1.5
Igneous volcanic aquifers 42.2 0.03 11.5 3.6 1.1
Igneous intrusive aquifers 20.0 0.02 6.7 3.0 1.4
superficial aquifers 35.1 0.00004 4.2 2.2 2.2
Surface water 20.80 0.57 5.91 1.1 2.07

Appendix B: Solid organic waste

Table B-1 Total production rate of solid organic waste in Scotland (Zero Waste Scotland, 2017).

Feedstock Total waste (tonnes of dry matter)
Animal and mixed food waste 69,869

Animal faeces, urine, and manure 28,748

Vegetal waste 76,190

Ezhpgfjcuecstsﬁfgbrewmg, distilling, cheese making, abattoir and 840,283

Agricultural waste 5,015,639

Sewage sludge 114,725

Total 6,145,454
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Appendix C: Market trends

Market trends of some of the considered resources are pre-
sented here to aid in future predictions for resource values.
The fertiliser prices were converted into £ terms from US$,
in which the prices are reported initially. The prices were
also converted from product tonnes into nutrient kg. The
illustrated market trend in Figure C-1 suggests a further de-
crease in fertiliser prices. However, slightly higher rates were
used in the calculations, due to different data sources and
fiscal year. Natural gas prices have been steadily increasing
over the last two years (Figure C-2).
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Figure C-1 Fertiliser Prices between 2009 and 2017
Source: Department of Agricultural and Consumer Econom-
ics, University of lllinois’
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Figure C-2 Natural gas market trend over 5 years
Source: indexmundi?
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Figure C-3 Implied cellulose market trend based on wood pulp prices
Source: indexmund;®

Figure C-3 shows a 5-year market trend of wood pulp (raw
material for cellulose production). The price has declined
during the past months.

The market trends for ferrous sulphate, calcium carbonate,
magnesium oxide and other organic materials were not
available. The market trend for iron sulphate can be implied
indirectly from the price of titanium dioxide which is
projected to grow from 2016 to 2021.

"http://farmdocdaily.illinois.edu/pdf/fdd110717.pdf

2https://www.indexmundi.com/commaodities/?commodity=natural-gas&months=60&currency=gbp
3https://www.indexmundi.com/commodities/?commodity=wood-pulp&months=60&currency=gbp
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