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Abstract 22 

This critical review outlines a roadmap for the conversion of chemical oxygen demand (COD) 23 

contained in sewage to commodities based on three-steps: capture COD as sludge, ferment it 24 

to volatile fatty acids (VFA), and upgrade VFA to products. The article analyzes the state-of-25 

the-art of this three-step approach and discusses the bottlenecks and challenges. The potential 26 

of this approach is illustrated for the European Union’s 28 member states (EU-28) through 27 

Monte Carlo simulations. High-rate contact stabilization captures the highest amount of COD 28 

(66-86 gCOD person equivalent
-1

 day
-1

 in 60% of the iterations). Combined with thermal 29 

hydrolysis, this would lead to a VFA-yield of 23-44 gCOD person equivalent
-1

 day
-1

. 30 

Upgrading VFA generated by the EU-28 would allow, in 60% of the simulations, for a yearly 31 

production of 0.2-2.0 megatonnes of esters, 0.7-1.4 megatonnes of polyhydroxyalkanoates or 32 

0.6-2.2 megatonnes of microbial protein substituting, respectively, 20-273%, 70-140% or 21-33 

72% of their global counterparts (i.e.. petrochemical-based esters, bioplastics or fishmeal). 34 

From these flows, we conclude that sewage holds a strong potential as biorefinery feedstock, 35 

although research is needed to enhance capture, fermentation and upgrading efficiencies. 36 

These developments need to be supported by economic/environmental analyses and policies 37 

that incentivize a more sustainable management of our resources. 38 

TOC/ Abstract art 39 

 40 
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1. Introduction 46 

The European union (EU) adopted a bio-economy strategy which sets course towards a 47 

sustainable society that relies on "the production of renewable biological resources and the 48 

conversion of these resources and waste streams into value-added products, such as food, 49 

feed, bio-based products as well as bio-energy".
1
 One resource that could be exploited in this 50 

context is the organic matter contained in sewage, which is commonly measured as chemical 51 

oxygen demand (COD). The sewage treatment works of the 28 member states that constitute 52 

the EU-28 receive about 25 megatonnes of COD (130 g COD population equivalent (PE)
-1

 d
-1

 53 

and 503 million PE in EU-28). Roughly 8.4 megatonnes is dissipated as CO2 via the activated 54 

sludge process and a relatively minor fraction of this COD is channeled to biogas as a 55 

renewable energy source. In 2014, about 17% of the incoming COD was valorized as biogas, 56 

which accounted for about 9% of the total biogas production in Europe.
2
 In the last decade, 57 

several routes have emerged to convert COD-contained in wastewater to marketable 58 

commodities, including esters,
3
 plastics,

4
 feed,

5
 alginate and cellulose.

6
 The value of these 59 

products, such as polyhydroxyalkanoates (PHA), a precursor for bioplastics, can be up to 4 60 

times higher than that of methane (€1.2 kg
-1

 CODPHA vs. €0.14-0.26 kg
-1

 CODCH4).
7
  61 

Volatile fatty acids (VFA) with 1 to 5 carbon atoms, are the central building-block in the 62 

generation of esters, plastics and feed. They are produced during acidogenic fermentation of a 63 

plethora of COD-rich substrates, including wastewater streams.
7-9

 To date, the conversion of 64 

COD-rich aqueous streams into VFA has focused mainly on industrial waste and sidestreams, 65 

such as potato starch wastewater,
10

 paper mills,
11

 fruit juice wastewater,
12

 sugar cane 66 

molasses,
13

 thin stillage,
14

 and yeast fermentation beer.
15

 These are usually characterized by 67 

COD concentrations > 4000 mg COD L
-1

 of easily fermentable COD.
16

 In contrast, the 68 

variation in flow, complexity and low COD concentrations of sewage (usually ranging 69 

between 250-800 mg COD L
-1

)
17

 hinders further processing of the VFA into products and, 70 
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especially, their cost-effective recovery.
18

 However, a number of emerging scientific and 71 

technological developments may enable the use of sewage COD as a resource for the 72 

production of valuable commodities.
3-5

 These come together in a ‘three-step approach’ that 73 

comprises the capture of COD as sludge, conversion to VFA and subsequent upgrading into 74 

commodities. This critical review sets out to describe the state-of-the-art of this three-step 75 

approach and critically evaluate its remaining challenges. This is followed by an assessment 76 

of the potential market volume and value of the three products, which takes into account 77 

technological uncertainty. Finally, the roadmap to a successful sewage-to-commodities value 78 

chain is discussed and conclusions are drawn. 79 

2. Technologies to valorize sewage organics in three steps  80 

The key elements of the proposed three-step approach for sewage COD valorization are 81 

depicted in Figure 1. The first step ‘capture’ aims to capture a maximal amount of COD as 82 

sludge. The second step ‘ferment’ targets to refine the sludge organics and maximize their 83 

conversion to VFA through acidogenic fermentation, optionally following sludge 84 

pretreatment. The third step ‘upgrade’ aims to synthesize commodities from VFA. In the 85 

following subsection each step will be discussed in detail. 86 
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 87 

Figure 1 An overview of the key technologies considered to capture, ferment and upgrade sewage organics to commodities. All technologies are 88 

further described and discussed in the following subsections. Activated sludge as polishing stage with a sludge retention time of 15 days. CEPT: 89 

chemically enhanced primary treatment, HiCAS: high-rate conventional activated sludge, HiCS: high-rate contact stabilization, VFA: volatile 90 

fatty acid; PHA: polyhydroxyalkanoates; PNSB: purple non-sulfur bacteria; AHB: aerobic heterotrophic bacteria 91 
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2.1. Capture COD as sludge. 92 

COD-capture technologies rely on a combination of physical, chemical and/or biological 93 

processes that captures dissolved, colloidal and particulate COD as sludge. Four key 94 

technologies are primary settling, chemically enhanced primary treatment (CEPT), high-rate 95 

conventional activated sludge (HiCAS) also known as the A-stage from the Adsorptions-96 

Belebungsverfahren, Adsorption-Biooxidation or A-B process, and high-rate contact 97 

stabilization (HiCS). 98 

2.1.1. Process description. 99 

In primary settling, the velocity of water flow is reduced to minimize the drag force of 100 

particles, thereby enabling the settling of suspended solid by gravitational force. In this 101 

manner COD can be captured at efficiencies between 0.28-0.44 g CODsludge g
-1

 CODfed.
17

 102 

Chemically enhanced primary treatment (CEPT) combines the physical settling of primary 103 

sedimentation with enhanced chemical aggregation/coagulation. Chemical agents, e.g. 104 

coagulants containing Fe
3+

 or Al
3+

, and flocculants, such as organic polymers, are added 105 

producing a more settleable sludge with capturing efficiencies of about 0.50-0.60 g CODsludge 106 

g
-1

 CODfed.
19

 These physical-chemical processes can efficiently remove the particulate COD 107 

fraction (about 80% of captured COD is particulate), but capture low-to-no dissolved COD 108 

(primary settling ca. 0 g CODsludge g
-1

 CODfed; CEPT 0.20-0.25 g CODsludge g
-1

 CODfed due to 109 

the adsorption of organics onto metal hydroxide precipitates).
20

  110 

In the biological HiCAS system, the influent wastewater is mixed under aerobic conditions 111 

with return sludge at high food-to-microorganism ratios between 2-10 g biodegradable COD 112 

per gram volatile suspended solids (VSS) per day.
21,22

 The hydraulic retention time (HRT) is 113 

very short (< 30 min) and the sludge retention time (SRT) is only several hours to 2 days,
17,22

 114 

resulting in a high sludge yield, and COD-capture efficiencies of 0.35-0.54 g CODsludge g
-1

 115 

CODfed.
23

 The produced aerobic sludge is then separated by gravity settling.
23

  116 
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Recently, Meerburg, et al. 
23,24

 proposed the HiCS system, a high-rate variant of the contact 117 

stabilization system.
25

 This process combines the high sludge-specific loading rates and the 118 

short SRT of a conventional HiCAS system with the principle of aerobic sludge stabilization 119 

followed by adsorption of influent organics. When the return sludge is aerated in the 120 

stabilization phase, biomass growth on adsorbed and stored substrates is promoted. 121 

Subsequently, the sludge is mixed with influent during a non-aerated contact phase, to allow 122 

storage and adsorption of fresh substrates. This alternating system creates a feast-famine 123 

regime where sorption and storage are interchanged with biomass growth. Based on lab-scale 124 

results, the COD-capture efficiency of the HiCS process can be up to 0.50-0.64 g CODsludge g
-

125 

1
 CODfed.

23
 In terms of capturing dissolved COD, HiCS and also HiCAS have higher 126 

dissolved COD removal efficiencies of respectively 0.17-0.43 g CODsludge g
-1

 CODfed
23

 and 127 

0.17-0.34 g CODsludge g
-1

 CODfed
20

 compared to physical-chemical system (Figure 2). 128 

After capturing the COD and separating the COD-containing sludge from the sewage, sludge 129 

should be further thickened to ensure a compact fermenter. The final dry weight concentration 130 

of the understream of a settler will be roughly 2-3%, through thickening this should be 131 

increased to a dry weight of 4-6%. Thickeners are a well-established technology with good 132 

efficiencies (solids recovery 85-99%),
17

 and little-to-no COD loss. 133 

2.1.2. Comparison and challenges. 134 

From an overall process perspective, realization of high COD-capture efficiencies is only 135 

relevant if this is coupled to a high anaerobic biodegradability of the COD, since this will 136 

determine the potential VFA production. CEPT sludge has a comparatively low biogas yield 137 

because organics in the sludge are less accessible and/or less reactive to the microorganisms 138 

due to the association of the organics with the coagulant in the sludge floc (Figure 2).
26

 139 

Evidence shows that the dosing of a cationic polyelectrolyte at >15 g kg
-1

 dry solids, 140 

decreased the methane production by up to 38%, likely due to the formation of larger flocs, 141 
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thereby resisting efficient mass transfer within the sludge flocs.
27

 However, this effect may be 142 

dependent on the type of chemical, as no such effect could be observed for anionic and non-143 

ionic flocculants.
27

 Flocculants may hamper VFA production in a similar manner, although to 144 

the authors’ knowledge this is yet to be proven. In comparison to the physical-chemical 145 

capturing technologies, HiCAS and HiCS, produce highly biodegradable sludge (Figure 2). 146 

Batch tests for the biomethanisation potential have shown that the “young” biomass resulting 147 

from a short SRT is highly biodegradable under anaerobic conditions (specific methane yields 148 

> 1 g CODCH4 g
-1

 total suspended solids:TSS vs. 0.5 g CODCH4 g
-1

 TSS for conventional 149 

activated sludge).
23,28,29

 150 

Biological COD-capturing technologies have, however, one key disadvantage; the 151 

settleability of the sludge produced is low, making sludge separation and capture challenging. 152 

HiCS and HiCAS are operated at a high feed-to-microorganism ratio, which combined with 153 

low aeration intensity and short SRT, results in formation of pinpoint aggregates that do not 154 

settle well.
20

 Rahman, et al. 
30

 compared the sludge volume index (measure for settleability) 155 

for HiCAS and HiCS sludge, which were respectively 1434 mL g
-1

 TSS and 167-582 mL g
-1

 156 

TSS. While HiCS sludge had much better settling properties than HiCAS, its values were still 157 

above 150 mL g
-1

 TSS, the threshold above which sludge is considered to have poor settling 158 

properties.
17

 Several approaches have been proposed to circumvent poor settling, including: 159 

membrane filtration,
31

 dissolved air flotation,
32

 or CEPT
19

 combined with HiCAS.  160 

Primary settling and CEPT are well-established technologies and standard in most 161 

conventional activated sludge systems (technology readiness level Supporting Information 162 

S6).
17

 About 58 HiCAS systems have been identified worldwide, treating sewage or a 163 

combination of industrial and domestic wastewater.
20

 On the contrary, the HiCS system has 164 

only been tested at 454-L pilot-scale (Washington, DC, USA).
30

 To be applied at full-scale, 165 

some technological challenges still need to be overcome. Future research should focus on 166 
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improving colloidal and dissolved COD recovery efficiencies, and on minimizing aeration 167 

and volume
33

 requirements in comparison with HiCAS. Additionally, a meaningful control 168 

parameter and an associated control strategy should be developed, so that HiCS systems are 169 

not operated on pre-defined fixed settings, but rather can be controlled based on the dynamic 170 

behavior of incoming sewage and plant needs (e.g. varying influent composition, stricter 171 

effluent requirements, fluctuations in HRT due to rain).  172 

2.2. Ferment sludge to VFA. 173 

2.2.1. Process description. 174 

The anaerobic conversion of complex COD to biogas is carried out by a mixed community 175 

and requires four steps, namely hydrolysis, acidogenesis, acetogenesis and methanogenesis.
34

 176 

If methanogenic activity is suppressed, VFA can accumulate in the broth,
7
 in a process that 177 

we term acidogenic fermentation, encompassing the first two abovementioned steps. These 178 

fermentation processes have different pathways, yielding a mixture of VFA, CO2 and H2.
35

  179 

To date, research has mainly focused on the acidogenic fermentation of primary and 180 

secondary sludge
36-38

, and process development has brought the technology up to TRL 6-7 181 

(1.2m
3
 BIOVAP pilot plant treating primary sludge, PHARIO project)

4
 with VFA yields 182 

around 0.25 g VFA g
-1

 VSS and VFA concentrations in the fermentate in the order of 8-10 g 183 

COD L
-1

.
39

 Such VFA yields, around 0.22 g CODVFA g
-1

 CODfed, are consistent with those 184 

reported in other lab- and pilot-scale experiments studying acidogenic fermentation of 185 

primary and secondary sludge.
40

 There are fewer studies on the acidogenic fermentation of 186 

HiCAS sludge, available results indicate VFA yields around 0.21 g CODVFA g
-1

 CODsludge.
41

 187 

To the best of the author’s knowledge acidogenic fermentation of HiCS sludge is yet to be 188 

tested, although the anaerobic digestion of HiCS sludge yields around 0.3-0.5 Lbiogas g
-1

 total 189 

solids.
20

 One can expect that VFA yields from HiCS sludge should be comparable, if not 190 
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higher, to those of other sludge given its higher biogas yields (cf. activated sludge 0.2 Lbiogas g
-

191 

1
 total solids).

20
 192 

Hydrolysis (i.e. solubilizing of particulate COD and breakdown of polymers into monomers) 193 

is the rate limiting step in sludge anaerobic digestion/acidogenic fermentation. The utilization 194 

of sludge pretreatment steps to increase biogas production has long been explored for 195 

anaerobic digestion using mechanical, thermal, chemical, biological and hybrid methods, and 196 

few are already applied at full-scale.
42 

 197 

High-pressure thermal hydrolysis is the most mature pretreatment technology, applied at full-198 

scale in anaerobic digestion (e.g. Cambi THP™, Exelys™, Digelis™, among others) to 199 

increase biogas yields and minimize waste sludge. In this treatment, sludge is exposed to 200 

temperatures of 130-180°C and pressures of 6-12 bar to lyse cells and solubilize organics, 201 

which enhance the final biogas production in anaerobic digestion by 30-65%
43,44

 and the net 202 

energy production by ca. 20%.
45

 The acidogenic fermentation of thermal pretreated sludge 203 

showed a five-fold increase in the VFA yields (up to 0.46 g CODVFA g
-1

 CODfed), reaching 204 

VFA concentrations in the fermentation up to 25 g COD L
-1

.
46

 205 

Mechanical pretreatment methods disintegrate and/or grind sludge particles, thus releasing 206 

cell compounds and increasing the specific surface area for biological conversion.
47

 207 

Sonication has been applied in multiple full-scale installations for sewage sludge pretreatment 208 

with improved biogas production between 30-58%.
48-50

 Lysing centrifuges are another 209 

mechanical pretreatment option and their solubilizing effect can enhance biogas production 210 

by 15-26%.
51

 According to the authors ‘knowledge, no reports on the use of mechanical 211 

sludge pretreatment for acidogenic fermentation could be found. However, it is anticipated 212 

that pretreatment could improve VFA yields as they tackle the rate limiting hydrolysis process 213 

although it is hard to predict to what extent.  214 
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Other chemical or enzymatic pretreatments are currently under development for sludge 215 

digestion, although they have reached a higher level of technological maturity for other 216 

feedstocks/applications (e.g. agricultural residues, lignocellulosic wastes, among others).
42

 As 217 

an example, alkaline pretreatment has been investigated at lab-scale and it proved to enhance 218 

organic matter solubilization, increasing biogas production up to 1.9 times compared to the 219 

baseline without pretreatment.
52

  220 

An effective dewatering step is required to reduce the moisture content of the solids 221 

(remaining sludge) present in the VFA-rich fermentate. Technologies for digestate dewatering 222 

are well established at full scale and include a belt filter press, screw press and solid-bowl 223 

centrifuge, among others.
17

 It is expected that similar technologies could be used for 224 

fermentate, although it is critical to ensure the highest dewatering possible to maximize the 225 

flow of VFA sent to the upgrading step. 226 

2.2.2. Comparison and challenges. 227 

As discussed, the yields and VFA concentrations of acidogenic fermentation without 228 

pretreatment are lower than those with sludge pretreatment (Figure 2). While one must be 229 

careful when extrapolating the outcomes of a single study, it is plausible that sludge 230 

pretreatment plays a critical role in overcoming the hydrolysis bottleneck and enhancing VFA 231 

production and yields. Future research should confirm this and further investigate how 232 

different sludge pretreatment strategies can be used to increase VFA yields, the benefits 233 

derived from their implementation and the implications in terms of capital and operational 234 

costs.  235 

High VFA concentrations in the broth are required for cost-effective extraction and 236 

upgrading, but may also have some undesired effects.
18

 VFA have an inhibitory effect on 237 

microbes
53

 and may result in (partial) inhibition of acidogenic fermentation, especially when 238 

operating reactors at an acidic pH. Such inhibition may not only reduce VFA production rates, 239 
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but also the extent to which the available substrate is converted. Pratt, et al. 
54

 reported a VFA 240 

thermodynamic inhibition threshold of 17 ± 1 g CODVFA L
−1

 for the acidogenic fermentation 241 

of pretreated sludge at pH between 5.7-6.3. Higher VFA concentrations have been obtained in 242 

sugar-based fermentations, which authors attributed to the high protein content of biomass 243 

resulting in lower thermodynamic thresholds.
54

 Interestingly, the same authors reported a 244 

maximum VFA concentration of 21.6 g CODVFA L
−1

 in another study,
46

 which may suggest 245 

that such a threshold is not only due to the substrate, but also subject to other variables such 246 

as pH, temperature, acclimation of the community, among others. The VFA profile does also 247 

impact toxicity, with longer carbon chains acids exerting stronger inhibition.
54,55

 Therefore, 248 

controlling the product of the acidogenic fermentation may be key, not only when targeting 249 

specific products, but also to enhance conversion yields. To date, steering mixed-culture 250 

fermentations of complex waste streams to target VFA is yet to be achieved and remains a 251 

challenge for further research.  252 

Finally, an important point is base addition requirements. VFA are weak acids with a pKa 253 

around 4.7-4.8
18

 (depending on the carbon length). When acidogenic fermentations are 254 

conducted at pH above their pKa, upon production these will dissociate and generate protons 255 

that lead to a pH decrease. Such drop may be dampened if the sludge has a high buffer 256 

capacity. However, if acidogenic fermentation pH is to be kept at values above 5.5-6, the 257 

addition of alkali required will result in increased operational costs.  258 

 259 
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Figure 2 Overview of COD-capture efficiency, biogas yield and volatile fatty acid (VFA) 260 

yield for different sludge types and effect of thermal hydrolysis and mechanical sludge 261 

pretreatment on VFA yield.
17,19,23

 Activated sludge as polishing with a sludge retention time 262 

of 15 days. CEPT: chemically enhanced primary treatment, HiCS: high-rate contact 263 

stabilization, HiCAS: high-rate conventional activated sludge. A detailed description of the 264 

underlying calculations and assumptions can be found in Supporting Information S2. 265 

2.3. Upgrade VFA to commodities. 266 

This subsection explores three potential VFA valorization routes, reviews the key features of 267 

their production processes from VFA and their state of development.  268 

2.3.1. Esters. 269 

Esters are derived from a carboxylic acid and an alcohol. They are widely used as organic 270 

solvents in chemical processing, paints, coatings, adhesives, printing inks, and in the 271 

fragrance and personal care industry. Approximately 4 megatonnes of ethyl acetate were 272 

produced worldwide in 2015.
56

 VFA esters can be produced through so-called “reactive 273 

extraction” by which the extraction of VFA from an aqueous broth into a solvent is coupled to 274 

their conversion into esters using an alcohol (e.g. methanol, ethanol, butanol) as a 275 

reactant.
57,58

 This approach is advantageous because completely water-miscible VFA can be 276 

recovered from fermentate in their ester form by distillation, with a much lower energy input 277 

than that required to recover VFA from water broths (i.e. the boiling points of acetate and 278 

ethyl acetate are 118 and 77°C, respectively).
59,60

 The ester produced has also a higher market 279 

value than its VFA precursor (i.e. ethyl acetate has a market value of €900-1200 tonne
-1

, 280 

compared to the €450 tonne
-1

 for pure acetate).
56,59

  281 

The production of VFA esters is a well-established process in the chemical industry and uses 282 

anhydrous VFA as reactants. However, the esterification of VFA in aqueous streams, such as 283 

those produced through acidogenic fermentation, is far from straightforward. Esterification is 284 
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an equilibrium reaction that forms one mole of water per mole of ester produced. Exclusion of 285 

water, both in the feedstock and by-product formation, is crucial to obtain high ester yields. 286 

This is in stark contrast with the hydrophilic nature of VFA and their low concentrations in 287 

fermentation broths (seldom above 4% w/w in sludge fermentate, as previously discussed in 288 

2.2), and could be seen as an inherent misfit to these streams. However, esterification is an 289 

attractive upgrading route for VFA, because: i) It is a straightforward and sustainable 290 

conversion approach for VFA, as it proceeds selectively and with high efficiency, without 291 

intermediate activation, under mild conditions and without toxic chemicals; ii) The ester 292 

market is attractive both in value as in size (section 3.2) and it offers multiple applications; iii) 293 

Esterification facilitates the isolation of the final product, due to the volatility of the produced 294 

esters, which can be selectively recovered through distillation.  295 

To use the fermentation broths as esterification input, the first challenge is to isolate the VFA 296 

and acidify them to their undissociated form. Several techniques have been tested at lab-scale 297 

to concentrate/dewater VFA from fermentation broths. Pressure-driven nanofiltration, which 298 

relies on a combination of a sieving mechanism with electrostatic interactions between the 299 

membrane surface and the charged molecules, allows the concentration of ions (including 300 

VFA) in the retentate.
18

 It has been successfully applied at lab-scale for the separation of VFA 301 

from complex waste streams, with concentration factors over 70-80%.
61-63

 However, this 302 

approach does not deliver the necessary acidification, and therefore the addition of acid will 303 

be required in a reactive extraction downstream train.  304 

Electromembrane processes, where ions are driven through ion-selective membranes and 305 

separated/concentrated under the influence of an electric field, have also long been explored 306 

as a means to extract/concentrate organic acids from fermentation broths.
64

 Several 307 

configurations have been investigated for that purpose, including conventional 308 

electrodialysis,
65,66

 bipolar membrane electrodialysis,
67,68

 or membrane electrolysis.
14,69

 309 
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Specifically, electrodialysis (preceded by microfiltration) was applied to the recovery and 310 

concentration of VFA derived from acidogenic fermentation of waste activated sludge, and 311 

the VFA-rich stream was used for PHA production. About 92% of VFA was transferred to the 312 

concentrated stream i.e. 20 gVFA L
-1

 (∼32 g CODVFA L
-1

).
70

 Membrane electrolysis has been 313 

coupled to an esterification step, a concept that was tested using synthetic mixtures of acetate 314 

and validated using thin-stillage fermentation broths.
69

  315 

The extraction of VFA by adsorption/desorption using ion exchange materials has also been 316 

shown to be an effective technique to extract and concentrate VFA,
71

 and has been coupled to 317 

esterification in sugar-based fermentations 
72,73

.  318 

While all these concepts allow to extract VFA from fermentation broths and concentrate 319 

them, they usually require acid/base dosing and/or high energy inputs for pressure- or 320 

electricity-driven concentration/extraction, in addition of the capital costs of the equipment. 321 

For instance, Andersen 
74

 evaluated the cost-benefit of recovering mono- and di-carboxylic 322 

acids through membrane electrolysis and found that due to the low market price of acetate, a 323 

5-year payback time would be needed to reach the breakeven-point. The use of membrane-324 

based processes for VFA recovery from sludge fermentate may also result in additional 325 

operation/maintenance costs due to membrane fouling and/or clogging.  326 

The second critical bottleneck after recovery from the fermentation broth and acidification is 327 

the isolation of the VFA. This is typically done by extraction, which is challenging due to the 328 

still low concentration of VFA after the recovery techniques described above. Furthermore, 329 

for the esterification to proceed, the extractant should provide an environment that is 330 

sufficiently hydrophobic for water exclusion, while still being able to extract the highly polar 331 

VFA.
57

 Recently, ionic liquids have been proposed as a green alternative to current organic 332 

solvents,
3
 with the additional benefit that their properties can be tailored to specific 333 

applications.
75

 On the downside, ionic liquids are still in technological development, they are 334 
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not yet available in large quantities for industrial use and their prices are much higher than 335 

those of organic solvents (5-20 times more expensive than conventional solvents), although 336 

recent work progresses towards competitive ionic liquids.
76

 Future work on reactive 337 

extraction for the conversion of VFA from sludge fermentate to esters should: i) improve the 338 

efficiency, rates and cost of extraction/concentration technologies; ii) develop novel solvents 339 

to be used as extractant/reactant, with high extraction and esterification efficiencies and low 340 

production costs; iii) develop a scalable esterification pipeline from fermentations broths; and 341 

iv) demonstrate that such approach can be applied to produce esters from VFA-rich 342 

fermentate. 343 

2.3.2. Polyhydroxyalkanoates. 344 

PHA are polyesters produced by microorganisms (mainly bacteria, but also some extremely 345 

halophilic archaea)
77

, which can be converted to bio-based compostable plastics.
78

 When 346 

exposed to feast-famine conditions and nutrient (nitrogen and/or phosphorus) limitation, 347 

microbes take up available organic substrates and convert them into PHA as intracellular 348 

storage polymers.
4,79-81

 The microbial production of PHA from VFA has been explored using 349 

both pure strains and mixed-cultures.
82,83

 The latter have the advantage that they can be fed 350 

using inexpensive VFA produced from domestic and agro-industrial waste and side streams, 351 

including wastewater. PHA accumulation from wastewater-derived VFA has been extensively 352 

investigated at bench-scale,
84-86

 and successfully tested in a 500L pilot-scale for sewage, 353 

reaching a PHA content of 0.47 g PHA g
-1

 VSS, with COD yields for different WWTP 354 

ranging from 0.19-0.39 g CODPHA g
-1

 COD.
4
 These values are in line with those reported by 355 

Morgan-Sagastume and co-workers (0.25-0.38 g CODPHA g
-1

 COD) in another pilot test.
40

  356 

PHA are intracellular products that need to be recovered and purified. A common downstream 357 

processing stage consists of cell disruption (i.e. acidification), dewatering and drying steps. 358 

Ultimately, PHA is extracted at high temperature using organic solvents (e.g. 359 
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dichloromethane, butanol) and recovered as a bioplastic.
4,87

 Multiple approaches have been 360 

investigated at lab-scale and are reviewed elsewhere.
80

 The downstream processing of PHA-361 

rich biomass to pure PHA has been conducted at 10L scale in batch mode, and the properties 362 

of the polymers obtained were tested. The process yielded mostly copolymer blends of poly-363 

(3 hydroxybutyrate-co-3 hydroxyvalerate), their composition being dependent on the VFA 364 

spectrum of the waste stream used as a substrate, which was fairly constant for sludge 365 

fermentation and dominated by acetate, butyrate and propionate.  366 

All these results are promising to the point that the PHARIO partners recently announced 367 

their intention to set up a first demonstration facility that will produce between 1-3 tonnes of 368 

PHA.
88

 However, further work is required to make a commercial PHA route from sewage 369 

viable. First, PHA productivities from sludge-derived fermentate should be increased. They 370 

are at the present significantly lower than those obtained at lab-scale using synthetic 371 

substrates (0.90 g PHA g
-1

 VSS)
89

 or at pilot-scale using carbohydrate-rich industrial 372 

wastewater (0.70 g PHA g
-1

 VSS)
90

. These deviations may be due to differences in substrate 373 

characteristics, operational conditions and composition of the PHA-accumulating microbial 374 

community. A larger PHA to active biomass fractions will make product recovery easier and 375 

more cost-effective.  376 

Second, downstream processing is one of the key process bottlenecks, and their associated 377 

expenses can account for over 70% of the total production costs, as well as being responsible 378 

for about 60% of the environmental burden.
81

 Assuming a productivity of 0.70 g PHA g
-1

 379 

VSS, an estimated total polyhydroxybutyrate production cost (acidogenic fermentation 380 

included) from industrial wastewater is €1400-1950 tonne
-1

 while the price of polyethylene 381 

terephthalate is €1300 tonne
-1

.
81

 More cost-effective process schemes are required to make 382 

PHA cost-competitive. Besides, PHA downstream processing is currently at a lower 383 

technology readiness level (Supporting Information S6) than the rest of the process steps (4-5 384 
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vs. 6-7), and hence additional efforts are needed to scale-up such a critical part of the PHA 385 

production route. 386 

Finally, there is a plethora of conventional petrochemical plastics with a wide range of 387 

mechanical, thermal and chemical properties.
91

 Sludge fermentate tends to have a rather stable 388 

composition dominated by acetate, butyrate and propionate to a lesser extent, which yields 389 

PHA with similar polymer composition. This is something desirable from the industrial 390 

production standpoint, but which may curtail the product applications due to the similar 391 

material properties of the various PHA produced. Several approaches may allow expanding 392 

the range of copolymers. It has been shown that the VFA profile of acidogenic fermented 393 

sludge may be shifted by co-fermenting sludge with other waste streams (i.e. propionate 394 

dominated, using food waste)
37

 or operating at termophilic conditions (i.e. enrichment in 395 

valerate).
92,93

 However, this remains one of the key challenges of the acidogenic fermentation 396 

step, as discussed in 2.2. Another alternative is blending PHA with other biopolymers, such as 397 

polylactic acid.
4
 Finally, although PHA polymers have been tested in some test applications 398 

within the PHARIO project such as injection molding and films,
4
 the development of 399 

commercial product applications is an important challenge yet to be addressed. However, this 400 

endeavor may be accelerated when larger amounts of PHA test samples are available to the 401 

(bio)plastics industry for product development, of course assuming adequate material 402 

properties of the polymers.  403 

2.3.3. Microbial protein. 404 

Microbial protein or single-cell protein (SCP) is the use of microbial biomass as a dietary 405 

protein source for feed or food.
94,95

 Several SCP based feed (e.g. Feedkind
TM

 by Calysta) and 406 

food (e.g. Quorn
TM

) products are commercially available. SCP production on wastewater has 407 

been performed using axenic cultivation on lab- and pilot-scale (e.g. yeast, algae, or fungi).
96

 408 

However, this approach is cost prohibitive, because vast amounts of wastewater need to be 409 
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sterilized (€8 m
-3

; sterilization 0.4 tonne steam m
-3 

water 
97

 and €21 tonne
-1

 steam
98

). The use 410 

of mixed-cultures, on the other hand, might offer a better alternative, provided quality control 411 

is in place (multi-barrier subsection 4.4).
96

 In most laboratory and pilot-scale studies, SCP has 412 

been produced on industrial wastewater, with water treatment as the main goal.
94,99,100

 413 

However, production on extracted VFA could be advantageous because: it would simplify the 414 

composition of the feedstock for protein production, in contrast to the complex and 415 

fluctuating COD quantity of sewage; and the use of a membrane for the extraction of the VFA 416 

can act as a contamination barrier for pathogens. Two types of heterotrophic microorganisms 417 

are here proposed: purple non-sulfur bacteria (PNSB) and aerobic heterotrophic bacteria 418 

(AHB).  419 

PNSB prefer an anaerobic photoorganoheterotrophic growth mode favoring VFA as carbon 420 

source.
101

 Hence, they are a suitable partner to convert VFA, provided that cost-effective 421 

photobioreactors can be constructed. Limitations are infrared-light supplied per surface area 422 

and mixing speed (determines the contact between PNSB and light). Water has a 370 times 423 

higher absorbance coefficient for infrared-light compared to visible light.
102

 Therefore, 424 

optimization of light supply is crucial for scale-up. Growth on VFA results in an COD-to-425 

biomass carbon yield approaching one (0.8-0.9 g CODbiomass g
-1

 CVFA removed) as the bacteria 426 

also incorporate inorganic carbon to ensure redox homeostasis whenever consuming reduced 427 

VFA.
103

 The production of PNSB from industrial wastewater has been studied up to pilot-428 

scale using mixed-cultures and the biomass has proven to be an attractive aquatic and 429 

livestock feed.
99,104

 Furthermore, also bioregenerative life support systems for manned space 430 

exploration envisage producing PNSB on fermentation filtrate, and using it to feed 431 

astronauts.
105

 432 

The second type of considered microorganisms are AHB. In essence this corresponds to an 433 

activated sludge process, targeting a high production of sludge with a high protein quantity 434 
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and quality.
96

 In aquaculture, such an approach has been termed ‘biofloc technology’.
106

 For 435 

industrial wastewater, the company Nutrinsic (Glendale, USA, recently out of business) 436 

started up a full-scale installation
9
 on brewery wastewater and Avecom (Wondelgem, 437 

Belgium) has implement one on potato processing wastewater.
107,108

 The yield of AHB is 0.57 438 

g CODbiomass g
-1

 CODVFA removed,
17

 and thereby about half of PNSB. Compared to previous 439 

applications, we propose to grow AHB on extracted VFA and not directly on wastewater.  440 

Sewage contains heavy metals, which can be accumulated by AHB and PNSB.
109

 Vriens, et 441 

al. 
96

 reported that heavy metals levels in activated sludge can be 100 times higher compared 442 

to conventional animal feed, and may result in risk of toxicity in the feed-chain. However, in 443 

our approach, SCP will not be directly produced on sewage. Captured COD will be first 444 

channeled to a fermenter. After solid/liquid separation, VFA will be extracted and fed to a 445 

bioreactor to produce AHB or PNSB. Therefore, potential heavy metals should in principle 446 

already be accumulated in the sludge of the acidogenic fermenter (assuming sorption is 447 

similar to fermenting sludge) and diluted in the VFA-line. Nonetheless, heavy metal in SCP 448 

should be carefully examined. If accumulation of heavy metals in SCP still occurs, 449 

conventional removal methods can be used such as chemical extraction with inorganic acids 450 

(e.g. H2SO4 or HCl), organic acids (e.g. citric acid) or chelating agents (e.g. 451 

ethylenediaminetetraacetic acid).
110

 Note that heavy metal extraction will solubilize the 452 

biomass and consequently deteriorates protein.
96

 A comparative study will need to be 453 

performed to select the best extraction method based on metal removal and preserve of 454 

protein quantity and quality (i.e. amino acid profile). 455 

After protein production, the biomass need to be recovered by stepwise concentrating the 456 

product which can entail gravitational settling (dry weight up to 3%)
17

, membrane filtration 457 

(dry weight up to 13%)
111

, centrifugation (dry weight up to 20%)
111

 and drying. All these 458 

technologies are well established, yet harvesting is still expensive as the operational cost can 459 
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amount to 20-30% of the total costs depending on the desired dry weight content.
112

 AHB are 460 

potentially more interesting in terms of product recovery because they can be easily separated 461 

through settling.
17

 More problematic is the solid/liquid separation of PNSB, due to their small 462 

size (0.4-2µm) and high electronegativity.
113,114

 Research has already shown that sodium, pH 463 

and light intensity effect flocculation for Rhodobacter sphaeroides,
113

 yet no similar studies 464 

were performed for mixed-cultures. If gravitational settling is eventually not possible, 465 

membrane filtration should be performed followed by centrifugation. However, filtration has 466 

high energy requirements (50-500 kWh tonne
-1

 dry weight) and will increase overall costs.
112

. 467 

After dewatering, the biomass still needs to be dried to a final dry weight of 80-90%. Several 468 

technologies are available such as spray drying,
115

 drum drying
116

 and convection drying
117

. 469 

Extensive research has been performed for algae, studying the relationship of drying 470 

technology, temperature and drying time on the final product quality.
115,116,118

 Future research 471 

should also provide insight in the optimal technology and drying conditions for AHB and 472 

PNSB.  473 

3. Estimating commodity production flows from sewage organics 474 

The potential to valorize sewage into esters, PHA and SCP was estimated for the EU-28. A 475 

probabilistic approach was implemented to account for uncertainties including variable 476 

technological performance, changes in COD influent load and market value. Specifically, 477 

Monte Carlo simulations with 10,000 different combinations of input parameters were used. 478 

For each input parameter, probability distributions were defined from a literature review. For 479 

the assessment, only wastewater treatment works with a capacity of >50 kPE are included 480 

(details Supporting Information S1-S7).  481 
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3.1. Organics capture and conversion to VFA. 482 

Figure 3 show the results of the Monte Carlo simulations for the captured COD and the 483 

specific VFA production as cumulative distribution functions. Comparison between 484 

distributions allows conclusions about technological performance under uncertainty, with 485 

distributions more to the right having higher specific yields and curves with a steeper slope 486 

implying a lower uncertainty of the results. For interpretation purposes an interval of 60% 487 

between the 0.2 and 0.8 probability was selected.  488 

It can be seen that the HiCS system and CEPT have the highest COD-capture potential 489 

(Figure 3.A). At the interval between 0.2-0.8, or in 60% of the cases, a COD-capture of 66-86 490 

COD PE
-1

 d
-1

 for HiCS and 71-89 COD PE
-1

 d
-1

 for CEPT can be achieved (Figure 3.A). At 491 

the median (intersection point of 50%) the values for HiCS and CEPT are 27-35% higher 492 

compared to primary settling or HiCAS. The effective COD-capture of HiCS results in the 493 

highest specific CODVFA yield after acidogenic fermentation (between 10-19 and a median of 494 

15 g CODVFA PE
-1

 d
-1

; Figure 3.B). Contrary to this, the expected specific VFA yields of 495 

CEPT for the interval between 0.2-0.8, ranges from the lowest value of all scenarios of 8 g 496 

COD PE
-1

 d
-1

 to a value of 19 g COD PE
-1

 d
-1

, which is comparable to HiCS. This large range, 497 

and therefore uncertainty, reflects the differing inhibiting effect flocculants and coagulants 498 

may have on acidogenic fermentation of the captured sludge (subsection 2.1.2). The VFA 499 

production after acidogenic fermentation for HiCAS and primary settling is rather similar in 500 

terms of range and uncertainty. In the 60% interval the VFA production ranges between 8-14 501 

g COD PE
-1

 d
-1 

for primary settling and 8-15 g COD PE
-1

 d
-1 

for HiCAS.  502 

Pretreatment (Figure 3.C) will increase the specific VFA yields between 26-134% (at the 503 

median which is the intersection point of 50%). However, high-pressure thermal hydrolysis 504 

(Figure 3.C, dashed lines) will lead to an increase of the specific VFA yield between 1.5-1.6 505 

times higher (measured at the median) compared to mechanical pretreatment (Figure 3.C, 506 
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dotted lines). Specifically, for the HiCS process, followed by sludge pretreatment and 507 

acidogenic fermentation, the range at the defined 60% interval shifted from 10-19 g COD PE
-

508 

1
 d

-1
 without pretreatment, to 15-31 g COD PE

-1
 d

-1
 for mechanical pretreatment, to 23-44 g 509 

COD PE
-1

 d
-1

 for high-pressure thermal hydrolysis pretreatment (Figure 3.C, dotted lines). In 510 

conclusion, the HiCS system is the preferred capture technology as it results in a the highest 511 

specific VFA yields for all Monte Carlo simulation. The HiCS system is therefore taken 512 

forward for the following analysis of the potential for commodity production (Figure 3.D). 513 

 514 

Figure 3 Monte Carlo probability functions for: (A) COD-capture from sewage; (B) COD-515 

capture coupled to volatile fatty acid (VFA) production by acidogenic fermentation; (C) 516 

COD-capture coupled to VFA production by acidogenic fermentation with mechanical 517 
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pretreatment (dotted lines) and high-pressure thermal hydrolysis (dashed lines). Grey zone 518 

represents the interval between the 0.2-0.8 probability. CEPT: chemically enhanced primary 519 

treatment, HiCS: high-rate contact stabilization, HiCAS: high-rate conventional activated 520 

sludge. 521 

3.2. Upgrade VFA to commodities. 522 

In order to estimate potential PHA, protein and ester market volumes and market values, the 523 

results for the HiCS combined with high-pressure thermal hydrolysis system presented in 524 

section 3.1 were combined with expected VFA to commodity conversion rates (Supporting 525 

Information S6, Figure 4.A) and current market price of products to be substituted 526 

(Supporting Information S6, Figure 4.B). The data presented in Figure 5.B combine total 527 

market volume and market prices, the information should be interpreted as an indicator for the 528 

revenue the different products can generate.  529 

Ethyl acetate derived from EU-28 sewage can, on average, substitute 43% (1.5 megatonnes 530 

yr
-1

) of the global production, while the replacement for butyl acetate is 198% (2 megatonnes 531 

yr
-1

) on average. Global compostable bioplastic production could be replaced if sewage would 532 

be used as a feedstock, as it is expected to be equal or higher than current global production 533 

(average 120% or 1.2 megatonnes yr
-1

). Finally, PNSB and AHB production could substitute 534 

respectively 55% (1.7 megatonnes yr
-1

) and 31% (0.9 megatonnes yr-1) of the current global 535 

fishmeal production.   536 

Production volumes alone, can be misleading, as small quantities of high value products can 537 

result in a higher revenue. Comparison of the total market values shows that there is little 538 

differences in the potential market size between butyl acetate, PHA and PNSB protein (Figure 539 

4.B). While the average value is highest for butyl acetate, followed by PNSB and PHA, their 540 

expected values at the 0.2-0.8 interval overlap and it is hence possible that each product 541 

obtains a similar total market potential. Simply based on the production quantity and potential 542 
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market price no priority for a specific product can be defined. It can only be conclude that 543 

ethyl acetate, ethyl butyrate, PHA and PNSB will potentially result in largest revenue; yet an 544 

overall decision should also take legislation, technology readiness, investment cost and 545 

operational cost into consideration as will be discussed in section 5.  546 

 547 

Figure 4 Overview of (A) the current global esters,
56

 bio-based compostable plastics 548 

production
78

 and fishmeal protein,
119

 along with their potential production from sewage 549 

treatment plants with a capacity higher than 50 kPE and (B) the potential turnover for all 550 

commodities. Bars show overall average and error represent the 0.2-0.8 probability interval.  551 

 552 
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4. Sewage-to-commodities: Challenges, opportunities and prospects  553 

The goal of this study was to evaluate the technologies available to upgrade sewage-COD. 554 

While the potential to recycle COD into marketable products is high (section 3.2), a number 555 

of challenges and bottlenecks need to be addressed to allow the implementation of 556 

technologies, namely:  557 

i) maximizing COD recovery and VFA conversion efficiency 558 

ii) developing nitrogen removal processes that perform adequately when COD-559 

capture is maximized 560 

iii) demonstrate the economic viability of processes, as well as their environmental 561 

benefits 562 

iv) ensure product quality and safety 563 

4.1. Maximizing COD recovery and VFA conversion efficiency. 564 

Technological advances are required at each of the three steps, namely COD-capture needs to 565 

be improved, VFA production potential must be enhanced and nutrient limitation to PHA 566 

production needs to be realized.  567 

COD-capture technologies should aim at efficiencies higher than 70% (maximal of CEPT 568 

currently in use). Existing technologies can recover most of the particulate and colloidal 569 

COD, leaving dissolved COD recovery as the greatest challenge. Based on current 570 

efficiencies (Figure 2), biological processes show the best prospects, but they face problems 571 

with sludge washout. Therefore, more attention should be paid to improve bioflocculation and 572 

their floc formation and surface adsorption of particulate and colloidal COD, while preventing 573 

sludge washout. In particular the interaction between different controlling parameters such as 574 

shear, dissolved oxygen, contact time and stabilization time must be investigated.  575 
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For the VFA production step, an important technological hurdle is the gap between VFA and 576 

biogas yields (ca. 0.30 g CODVFA g
-1

 CODfed vs. 0.80 g CODbiogas g
-1

 CODfed; Figure 2). 577 

While this gap may not be closed because COD lost as hydrogen in acidogenic fermentation 578 

is converted into methane by hydrogenotrophic methanogens, VFA yields can be increased 579 

through sludge pretreatment. Further research is required to increase its efficiency potential in 580 

a cost-effective manner. It is important to bear in mind that this approach may bring in 581 

solution additional nitrogen and/or phosphorus, preventing the much needed nutrient 582 

limitation as a trigger for PHA accumulation in the upgrading step. This needs to be further 583 

evaluated and a tradeoff between maximal PHA production or VFA yield may be essential. 584 

Other potential bottlenecks such as VFA product toxicity,
120

 or thermodynamic bottlenecks 585 

due to product and hydrogen accumulation may also negatively affect the performance of the 586 

acidogenic fermentation step and should not be ruled out.
8
  587 

The upgrading of VFA remains a critical challenges of the proposed approach, due the nature 588 

of the stream and the concentrations of the VFA in solution. On the upside, a key benefit of 589 

the routes proposed here is that they can make use of VFA mixtures and convert them into 590 

products (i.e. all VFA will be used for SCP or PHA production, while VFA esters can be 591 

selectively recovered based on their boiling point). The specific technological challenges for 592 

each of the valorization routes have been outlined in Section 2.3 and will not be further 593 

discussed.  594 

4.2. Developing mainstream shortcut nitrogen removal.  595 

For large plants, nitrogen removal would often be required. In conventional sewage treatment, 596 

nitrogen is removed through denitrification with a minimum biodegradable COD demand of 597 

around 4 g COD g
-1 

N removed.
121

 If, as suggested above, dissolved COD-capture is further 598 

improved, this may limit the capacity of the sewage treatment works to conventionally 599 

remove nitrogen. Several shortcut nitrogen removal technologies such as 600 
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nitritation/denitritation (nitrite shunt) or partial nitritation/anammox (deammonification) 601 

enable nitrogen removal with less or no COD. Both approaches share the need to suppress 602 

nitratation, i.e. the oxidation of nitrite to nitrate by nitrite oxidizing bacteria, for which a 603 

number of successful strategies have been proposed.
122

  604 

Nitritation/denitritation allows to remove nitrogen with 40% less COD than 605 

nitrification/denitrification (2.4 g biodegradable COD g
-1 

N removed).
121

 First full-scale 606 

references are available in warm weather conditions (i.e. wastewater temperature above 607 

20°C)
123

, and next steps should focus to implement nitritation/denitratation in colder climates. 608 

Partial nitritation/anammox is a fully autotrophic process, and as such eliminates the COD 609 

requirement for N removal. The additional challenge for this process is to retain sufficient 610 

activity of anammox bacteria in the system, particularly at lower temperatures (<15°C). Also 611 

here a set of solutions has been elaborated.
122

 First full-scale examples are promising,
124,125

 612 

and further development and implementation should target a year-round stable process 613 

performance. Current research and development efforts on mainstream shortcut nitrogen 614 

removal have gained critical mass, and their activities in piloting and upscaling the processes 615 

will likely spur its implementation over the coming 5 years. It should be noted that perfect 616 

COD-capture is not feasible, and that the activated sludge process will always receive a 617 

certain dose of biodegradable COD (e.g. 1-2 g COD/g N). Given this, a hybrid combination 618 

between nitritation/denitritation and partial nitritation/anammox will provide the best solution, 619 

making use of the available organics to remove nitrite (and some nitrate), as such avoiding 620 

energy use for aerobic COD removal.  621 

4.3. Demonstration of economic viability and environmental benefit. 622 

While technological improvements are needed to increase process efficiency, the biggest 623 

obstacle towards implementation of the three-step approach is not technical; the proposed 624 

valorization routes need to be economically viable. Taking PHA as an example, the processes 625 
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to make their production technically feasible are available, but there is still a discrepancy 626 

between the wastewater-based PHA cost (e.g. polyhydroxybutyrate €1400-1950 tonne
-1

) and 627 

the market price of petrochemical plastics (e.g. polyethylene terephthalate €1300 tonne
-1

).
81

 628 

Despite a positive public attitude towards renewable resources and “green” products, market 629 

price need to be on a par with their counterparts.
81

  630 

Considering that sewage has no cost as a substrate, production costs will be governed by the 631 

construction and operational costs of the different units. Meerburg 
20

 performed a comparative 632 

economic analysis of the different capture technologies based on capital and operational 633 

expenditure. Capital expenditure was lowest for primary settling (€0.24 PE
-1

 d
-1

) and roughly 634 

2.5 and 1.7 times higher for HiCAS and HiCS, respectively. Regarding operation, the cost of 635 

implementing CEPT was around €10 PE
-1

 d
-1

, 2.1-2.3 times higher than primary settling, 636 

HiCAS and HiCS due to higher costs for sludge disposal and coagulant addition. As such, 637 

primary settling is most appealing in terms of total cost, yet the amount of sludge that can be 638 

captured is much lower and this analysis ignores the cost of sludge capture, the VFA yields 639 

from each sludge, etc. 640 

Similarly a thorough economic analysis is needed to select an target product. Based on the 641 

market value (Figure 4.B, section 3.2) one could think that it is economically more interesting 642 

to produce butyl acetate over ethyl acetate (million €3950 kg
-1

 vs. million €1450 kg
-1

 643 

measured at median). However, the production requires the addition of an equimolar amount 644 

of their respective alcohol. A tonne of butanol is 3-4 times more expensive than that of 645 

ethanol, which implies that the potential net revenue that can be obtained from either of the 646 

esters may be similar.
126

  647 

From a policy point of view, a review of the bio-economy strategies shows that, although a 648 

majority of these strategies promote the production of higher value commodities, the actual 649 

policies in most countries incentivize the production of bioenergy and biofuels, the lowest 650 
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level products of the value pyramid.
127

 One specific example is the EU’s “Renewable Energy 651 

Directive” which encourages the production of renewable energy such as methane through 652 

subsidies,
128

 which has a value of 20% of PHA per unit of weight, and only 6% per unit 653 

COD.
7
 New legislation is needed to support the development of sewage valorization routes to 654 

products other than biogas. 655 

The environmental benefits of the production of PHA, SCP and esters from sewage should 656 

also be evaluated. Evidence suggest that the environmental impact of PHA derived from 657 

sewage is 70% lower than that of currently available PHA.
4
 For PNSB and AHB production 658 

as protein source, there is no specific information on their environmental impact, evidence for 659 

other SCP, such as algae, show promising results. For production of Nannochloropsis sp. in a 660 

photobioreactors at industrial scale (2.5ha) results show that micro-algae systems have a 68% 661 

lower environmental impact for abiotic resource consumption than fishmeal production.
129

 To 662 

the knowledge of the author no information on the environmental impact of alternative ways 663 

of ester production is available yet. 664 

4.4. Ensuring product quality and safety. 665 

To realize sales of recovered products, their quality must at least be comparable to that of 666 

their current alternatives. Among the three different routes proposed here, sludge-derived 667 

esters will likely have similar properties as their petrochemical analogues, since they are 668 

selectively recovered by distillation. For PHA there is evidence that plastics, containing PHA 669 

derived from sewage, result in similar or even improved material properties including impact 670 

strength, rheology during molding and transparency.
4
 For SCP, protein content is high (50-671 

83% on dry weight basis cf. 69% fishmeal) 
130

 and the protein quality (i.e. amino acid profile) 672 

compares well with fishmeal and soybean meal.
96,131,132

 The fact that PHA and esters originate 673 

from sewage will not affect their utilization, as biological contamination is likely to be 674 

reduced during membrane filtration processes and further processing. More importantly, the 675 
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use of these products can focus on applications that do not pose health risks (e.g. no contact 676 

with food or drinks). For SCP it is however important that potential risks are minimized and 677 

managed to ensure the safety of the final products. Currently, European legislation does not 678 

permit the use of protein produced on a fecal substrate.
133

 However, in the drinking water 679 

industry, wastewater is reused for drinking water purposes (e.g. Torreele water plant on the 680 

Belgian North Sea coast) by applying a multi-barrier approach to ensure a successive 681 

reduction of the contamination risk.
134,135

 
133

 In adopting this approach, the precautionary 682 

principle is followed, which states that in the light of scientific uncertainty about the harmful 683 

effects of certain substances, additional measures are to be taken to ensure the high level of 684 

health protection adopted.
136

 In the multi-barrier approach proposed for SCP, the first barrier 685 

is the inactivation. Evidence suggests that anaerobic digestions does lead to a die-off of 686 

pathogens (e.g. Listeria monocytogenes, Salmonella enterica, Escherichia coli, and 687 

Campylobacter jejuni).
137

 Similar, results can be expected for thermophilic acidogenic 688 

fermentation as the high temperature, low pH and high VFA conditions in the fermentation 689 

stage may also exert a toxic effect on microbes. While the toxicity of VFA for 690 

microorganisms is well described in literature,
53

 the effectivity of VFA-rich fermentation 691 

broths for that purpose is yet to be proven. A second barrier is provided by the membrane-692 

based concentration/extraction step. Ultrafiltration membranes prevent the passage of 693 

microbes, while a nanofiltration step can remove particles as small as 0.002 to 0.005 µm in 694 

diameter including enteroviruses and rotaviruses, pesticides and other contaminants.
138

 A 695 

third barrier consists of implementing selective culturing conditions. For PNSB this is for 696 

instance the use of infrared-light under anaerobic conditions, which results in a community 697 

dominated by PNSB (e.g. dominance of 75-90% in anaerobic membrane bioreactor treating 698 

sewage).
139

 However, there are to the authors’ knowledge no similar parameters to produce 699 

AHB selectively available today. Finally, the fourth barrier is pasteurization or drying of the 700 
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SCP to produce a final bio-product.
140

 Future research must provide evidence that these 701 

multiple barriers ensure compliance to feed and safety regulations. Eventually, these evidence 702 

must lead to further amendments of current legislation such as the EC Directive 82/471/EEC 703 

concerning products used in animal nutrition.
141

 Indeed, current trends in policy making 704 

certain types of SCP are already legalized as a protein source in animal feed and there are 705 

prospects that new types of SCP and insect protein will be legalized as a feed ingredient in the 706 

short and medium term.
136

  707 

5. Conclusions and Outlook 708 

This critical review demonstrates that sewage is an abundant resource that can be exploited in 709 

a bio-economy, as a result of technological progress in capturing COD as sludge, the 710 

production of VFA from it and their conversion into commodities. The estimation of the 711 

production potential from sewage show that respectively in 60% of the simulations 28-273% 712 

(0.2-2.0 megatonnes), 70-140% (0.7-1.4 megatonnes) or 21-72% (0.6-2.2 megatonnes) of the 713 

current global acetate-derived ester, compostable plastic and fishmeal production could be 714 

substituted.  715 

When considering the potential market value that could be generated from sewage, production 716 

of butyl acetate could be the most lucrative valorization route, followed by bioplastic and 717 

protein production. However, other factors such as maturity of the technology and safety need 718 

to be taken into consideration. Currently, production of bioplastic from sewage is the most 719 

mature technology (technology readiness level; TRL 6-7), and products derived from PHA 720 

should be marketable under the existing legislation framework. Further developments are 721 

needed to bring esters and SCP to the par in the short- to mid-term. The ester valorization 722 

route would require further research to increase the TRL. On the contrary, SCP production is 723 
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at a similar TRL as bioplastics (Supporting Information S6), but commercialization as 724 

feed/food is hindered by legislation and scientific evidence for its safety.  725 

The review further indicates a set of key scientific and societal challenges that remain for a 726 

successful implementation of the proposed three-step approach. These are summarized below.  727 

Step 1 – Capture COD as sludge 728 

• Maximize COD recovery into a highly anaerobically biodegradable sludge by 729 

enhancing the capture of colloidal and dissolved COD fractions. Additionally, for 730 

biological COD-capture technologies, sludge settlability needs to be improved to 731 

prevent washout.  732 

Step 2 – Ferment sludge to VFA  733 

• The VFA yields need to be improved by, developing cost-effective sludge 734 

pretreatment methods that enhance sludge hydrolysis and COD solubilization. 735 

Steering acidogenic fermentation to target VFA profiles is an additional remaining 736 

challenge. 737 

Step 3 - Upgrade VFA to commodities 738 

• Downstream processing is one of the key bottlenecks of the three routes 739 

proposed here (i.e. extraction and recovery of PHA; extraction and concentration of 740 

VFA and their isolation in a water-free phase for esterification; recovery of SCP).  741 

Shortcut nitrogen removal in the water line 742 

• The proposed three-step approach with enhanced COD-capture requires the 743 

implementation of nitrogen removal technologies in the water line with reduced or no 744 

COD requirements, such as the nitritation/denitritation (nitrite shunt) or partial 745 

nitritation/anammox (deammonification). 746 

Economy and environment 747 
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• With the exception of PHA, there is little information on the economic and 748 

environmental benefits of the proposed valorization routes. Further research should 749 

address these knowledge gaps to provide evidence for their economic potential and 750 

environmental footprint. 751 

 • The commodities derived from the three-step approach are only raw materials, 752 

yet to be converted into marketable products. The necessary product development 753 

requires, in addition to good economic prospects, a critical production volume to 754 

attract companies that may be interested in further processes esters, PHA and SCP. 755 

Regulation and legislation 756 

• SCP produced from fecal-contaminated waste materials cannot be marketed 757 

under the current legislation framework. Further work should provide scientific 758 

evidence of the health and safety of the final product and the appropriate function of 759 

the multi-barrier approach to support changes in policy. 760 

6. Associated content 761 

Supporting Information. Methodology, literature-based assumptions and explanation of 762 

probability distributions used in Monte Carlo simulations to calculate captured COD as 763 

sludge, VFA production and the flow of upgraded commodities: esters, 764 

polyhydroxyalkanoates and microbial protein. 765 

7. Notes 766 

The authors declare no competing financial interest. 767 

Page 35 of 46

ACS Paragon Plus Environment

Environmental Science & Technology



36 

8. Acknowledgements  768 

A.A. was supported as doctoral candidate (Strategic basic research) from the Research 769 

Foundation Flanders (FWO-Vlaanderen, 1S23018N). R.G. was supported as postdoctoral 770 

fellow by the Bijzonder Onderzoeksfonds (BOF15/PDO/068). F.M was supported by the 771 

Research Foundation Flanders (FWO-Vlaanderen, 11M5415N), and received additional 772 

support from the King Baudouin Foundation (Ernest du Bois prize). C.C. and K.R. were 773 

supported by the FWO-MOST (G.0535.13) project (Research Foundation Flanders) ‘The 774 

Domestic Biorefinery’. K.R. acknowledges support from VLAIO-CATALISTI via the 775 

CATALISTI ICON grant “CAPRA - Upgrading steel mill off gas to caproic acid and 776 

derivatives using anaerobic technology” (HBC.2017.0440). 777 

  778 

Page 36 of 46

ACS Paragon Plus Environment

Environmental Science & Technology



37 

9. References  779 

(1) Innovating for Sustainable Growth: A Bioeconomy for Europe; Euopean commission: 780 

Brussel, Belgium, 2012; https://ec.europa.eu/research/bioeconomy/pdf/official-781 

strategy_en.pdf. 782 

(2) Optimal use of biogas from waste streams; European commission: Brussels, Belgium, 783 

2016; 784 

https://ec.europa.eu/energy/sites/ener/files/documents/ce_delft_3g84_biogas_beyond_20785 

20_final_report.pdf. 786 

(3) Andersen, S. J.; Berton, J. K.; Naert, P.; Gildemyn, S.; Rabaey, K.; Stevens, C. V. Extraction 787 

and esterification of low‐ titer short‐ chain volatile fatty acids from anaerobic 788 

fermentation with ionic liquids. ChemSusChem 2016, 9, 2059-2063. 789 

(4) Bengtsson, S.; Werker, A.; Visser, C.; Korving, L. PHARIO: Stepping Stone to a Sustainable 790 

Value Chain for PHA Bioplastic Using Municipal Activated Sludge; Stichting Toegepast 791 

Onderzoek Waterbeheer: Amersfoort, The Netherlands, 2017. 792 

(5) Verstraete, W.; Clauwaert, P.; Vlaeminck, S. E. Used water and nutrients: Recovery 793 

perspectives in a ‘panta rhei’ context. Bioresource Technol 2016, 215, 199-208. 794 

(6) van der Hoek, J. P.; de Fooij, H.; Struker, A. Wastewater as a resource: Strategies to 795 

recover resources from Amsterdam's wastewater. Resour Conserv Recy 2016, 113, 53-64. 796 

(7) Kleerebezem, R.; Joosse, B.; Rozendal, R.; Van Loosdrecht, M. C. M. Anaerobic digestion 797 

without biogas? Reviews in Environmental Science and Bio-Technology 2015, 14, 787-801. 798 

(8) Agler, M. T.; Wrenn, B. A.; Zinder, S. H.; Angenent, L. T. Waste to bioproduct conversion 799 

with undefined mixed cultures: the carboxylate platform. Trends Biotechnol 2011, 29, 70-78. 800 

(9) Lee, J. Z.; Logan, A.; Terry, S.; Spear, J. R. Microbial response to single-cell protein 801 

production and brewery wastewater treatment. Microbial Biotechnology 2015, 8, 65-76. 802 

(10) Huang, L. P.; Jin, B.; Lant, P. Direct fermentation of potato starch wastewater to lactic 803 

acid by Rhizopus oryzae and Rhizopus arrhizus. Bioprocess and Biosystems Engineering 2005, 804 

27, 229-238. 805 

(11) Bengtsson, S.; Werker, A.; Christensson, M.; Welander, T. Production of 806 

polyhydroxyalkanoates by activated sludge treating a paper mill wastewater. Bioresource 807 

Technol 2008, 99, 509-516. 808 

(12) del Campo, A. G.; Canizares, P.; Lobato, J.; Rodrigo, M. A.; Fernandez, F. J. Electricity 809 

production by integration of acidogenic fermentation of fruit juice wastewater and fuel cells. 810 

Int J Hydrogen Energ 2012, 37, 9028-9037. 811 

(13) Albuquerque, M. G. E.; Eiroa, M.; Torres, C.; Nunes, B. R.; Reis, M. A. M. Strategies for 812 

the development of a side stream process for polyhydroxyalkanoate (PHA) production from 813 

sugar cane molasses. J Biotechnol 2007, 130, 411-421. 814 

(14) Andersen, S. J.; Candry, P.; Basadre, T.; Khor, W. C.; Roume, H.; Hernandez-Sanabria, E.; 815 

Coma, M.; Rabaey, K. Electrolytic extraction drives volatile fatty acid chain elongation 816 

through lactic acid and replaces chemical pH control in thin stillage fermentation. 817 

Biotechnology for Biofuels 2015, 8, 221. 818 

(15) Ge, S. J.; Usack, J. G.; Spirito, C. M.; Angenent, L. T. Long-term n-caproic acid production 819 

from yeast-fermentation beer in an anaerobic bioreactor with continuous product 820 

extraction. Environ Sci Technol 2015, 49, 8012-8021. 821 

(16) Lee, W. S.; Chua, A. S. M.; Yeoh, H. K.; Ngoh, G. C. A review of the production and 822 

applications of waste-derived volatile fatty acids. Chem Eng J 2014, 235, 83-99. 823 

Page 37 of 46

ACS Paragon Plus Environment

Environmental Science & Technology



38 

(17) Metcalf & Eddy; Tchobanoglous, G.; Burton, F. L.; Stensel, H. D. Wastewater 824 

engineering, treatment and reuse; 4th Eds.; McGraw-Hill: New York, 2003. 825 

(18) Zacharof, M. P.; Lovitt, R. W. Complex effluent streams as a potential source of volatile 826 

fatty acids. Waste Biomass Valori 2013, 4, 557-581. 827 

(19) Diamantis, V.; Verstraete, W.; Eftaxias, A.; Bundervoet, B.; Vlaeminck, S. E.; Melidis, P.; 828 

Aivasidis, A. Sewage pre-concentration for maximum recovery and reuse at decentralized 829 

level. Water Sci Technol 2013, 67, 1188-1193. 830 

(20) Meerburg, F. High-rate activated sludge systems to maximize recovery of energy from 831 

wastewater: Microbial ecology and novel operational strategies. Ph.D. Dissertation, Ghent 832 

University, Ghent, Belgium, 2016. 833 

(21) Roefs, I.; Meulman, B.; Vreeburg, J. H.; Spiller, M. Centralised, decentralised or hybrid 834 

sanitation systems? Economic evaluation under urban development uncertainty and phased 835 

expansion. Water Res 2017, 109, 274-286. 836 

(22) Böhnke, B.; Diering, B.; Zuckut, S. W. Cost-effective wastewater treatment process for 837 

removal of organics and nutrients. Water-Engineering & Management 1997, 144, 18-21. 838 

(23) Meerburg, F. A.; Boon, N.; Van Winckel, T.; Vercamer, J. A. R.; Nopens, I.; Vlaeminck, S. 839 

E. Toward energy-neutral wastewater treatment: A high-rate contact stabilization process to 840 

maximally recover sewage organics. Bioresource Technol 2015, 179, 373-381. 841 

(24) Meerburg, F. A.; Boon, N.; Van Winckel, T.; Pauwels, K. T. G.; Vlaeminck, S. E. Live Fast, 842 

Die Young: Optimizing Retention Times in High-Rate Contact Stabilization for Maximal 843 

Recovery of Organics from Wastewater. Environ Sci Technol 2016, 50, 9781-9790. 844 

(25) Coombs, J. A. Improvements in or connected with the treatment of sewage and other 845 

impure liquids, C02F3/12 ed., United Kingdom, 14, 187315-A. 1921. 846 

(26) Dentel, S. K.; Gossett, J. M. Effect of chemical coagulation on anaerobic digestibility of 847 

organic materials. Water Res 1982, 16, 707-718. 848 

(27) Chu, C. P.; Lee, D. J.; Chang, B. V.; You, C. H.; Liao, C. S.; Tay, J. H. Anaerobic digestion of 849 

polyelectrolyte flocculated waste activated sludge. Chemosphere 2003, 53, 757-764. 850 

(28) Bolzonella, D.; Pavan, P.; Battistoni, P.; Cecchi, F. Mesophilic anaerobic digestion of 851 

waste activated sludge: influence of the solid retention time in the wastewater treatment 852 

process. Process Biochemistry 2005, 40, 1453-1460. 853 

(29) Jimenez, J.; Miller, M.; Bott, C.; Murthy, S.; De Clippeleir, H.; Wett, B. High-rate activated 854 

sludge system for carbon management - Evaluation of crucial process mechanisms and 855 

design parameters. Water Res 2015, 87, 476-482. 856 

(30) Rahman, A.; Meerburg, F. A.; Ravadagundhi, S.; Wett, B.; Jimenez, J.; Bott, C.; Al-Omari, 857 

A.; Riffat, R.; Murthy, S.; De Clippeleir, H. Bioflocculation management through high-rate 858 

contact-stabilization: A promising technology to recover organic carbon from low-strength 859 

wastewater. Water Res 2016, 104, 485-496. 860 

(31) Faust, L.; Temmink, H.; Zwijnenburg, A.; Kemperman, A. J. B.; Rijnaarts, H. H. M. Effect 861 

of dissolved oxygen concentration on the bioflocculation process in high loaded MBRs. 862 

Water Res 2014, 66, 199-207. 863 

(32) Cagnetta, C. Innovative strategies to maximize carbon and energy recovery from 864 

domestic wastewater. Ph.D. Dissertation, Ghent University, Ghent, Belgium, 2017. 865 

(33) Rittmann, B. E.; McCarty, P. L. Environmental biotechnology: principles and applications; 866 

Tata McGraw Hill Education Private Limited: Boston, MA, 2012. 867 

(34) Angenent, L. T.; Karim, K.; Al-Dahhan, M. H.; Domiguez-Espinosa, R. Production of 868 

bioenergy and biochemicals from industrial and agricultural wastewater. Trends Biotechnol 869 

2004, 22, 477-485. 870 

Page 38 of 46

ACS Paragon Plus Environment

Environmental Science & Technology



39 

(35) Cirne, D. G.; Paloumet, X.; Bjornsson, L.; Alves, M. M.; Mattiasson, B. Anaerobic 871 

digestion of lipid-rich waste - Effects of lipid concentration. Renewable Energy 2007, 32, 965-872 

975. 873 

(36) Yuan, Q.; Sparling, R.; Oleszkiewicz, J. A. VFA generation from waste activated sludge: 874 

Effect of temperature and mixing. Chemosphere 2011, 82, 603-607. 875 

(37) Chen, Y. G.; Luo, J. Y.; Yan, Y. Y.; Feng, L. Y. Enhanced production of short-chain fatty 876 

acid by co-fermentation of waste activated sludge and kitchen waste under alkaline 877 

conditions and its application to microbial fuel cells. Appl Energ 2013, 102, 1197-1204. 878 

(38) Longo, S.; Katsou, E.; Malamis, S.; Frison, N.; Renzi, D.; Fatone, F. Recovery of volatile 879 

fatty acids from fermentation of sewage sludge in municipal wastewater treatment plants. 880 

Bioresource Technol 2015, 175, 436-444. 881 

(39) Hart, N. d.; Bluemink, E.; Geilvoet, A.; Kramer, J. Bioplastic uit slib: Verkenning naar PHA-882 

productie uit zuiveringsslib; Stichting Toegepast Onderzoek Waterbeheer: Amersfoort, The 883 

Netherlands, 2014. 884 

(40) Morgan-Sagastume, F.; Hjort, M.; Cirne, D.; Gérardin, F.; Lacroix, S.; Gaval, G.; 885 

Karabegovic, L.; Alexandersson, T.; Johansson, P.; Karlsson, A. Integrated production of 886 

polyhydroxyalkanoates (PHAs) with municipal wastewater and sludge treatment at pilot 887 

scale. Bioresource Technol 2015, 181, 78-89. 888 

(41) Cagnetta, C.; Coma, M.; Vlaeminck, S. E.; Rabaey, K. Production of carboxylates from 889 

high rate activated sludge through fermentation. Bioresource Technol 2016, 217, 165-172. 890 

(42) Carrere, H.; Antonopoulou, G.; Affes, R.; Passos, F.; Battimelli, A.; Lyberatos, G.; Ferrer, I. 891 

Review of feedstock pretreatment strategies for improved anaerobic digestion: From lab-892 

scale research to full-scale application. Bioresource Technol 2016, 199, 386-397. 893 

(43) VEOLIA. Thermal Hydrolysis Processes. 894 

https://cms.esi.info/Media/documents/134247_1474445825120.pdf (accessed March 15, 895 

2018).  896 

(44) Cambi. Thermal Hydrolysis from waste to worth. 897 

http://www.razemdlaklimatu.eu/images/2016/20160926/prezentacje/Hydroliza_termiczna_898 

w_technologii_CAMBI.pdf (accessed March 15, 2018).  899 

(45) Kepp, U.; Machenbach, I.; Weisz, N.; Solheim, O. E. Enhanced stabilisation of sewage 900 

sludge through thermal hydrolysis - three years of experience with full scale plant. Water Sci 901 

Technol 2000, 42, 89-96. 902 

(46) Morgan-Sagastume, F.; Pratt, S.; Karlsson, A.; Cirne, D.; Lant, P.; Werker, A. Production 903 

of volatile fatty acids by fermentation of waste activated sludge pre-treated in full-scale 904 

thermal hydrolysis plants. Bioresource Technol 2011, 102, 3089-3097. 905 

(47) Ariunbaatar, J.; Panico, A.; Esposito, G.; Pirozzi, F.; Lens, P. N. L. Pretreatment methods 906 

to enhance anaerobic digestion of organic solid waste. Appl Energ 2014, 123, 143-156. 907 

(48) Neis, U.; Nickel, K.; Lunden, A. Improving anaerobic and aerobic degradation by 908 

ultrasonic disintegration of biomass. J Environ Sci Heal A 2008, 43, 1541-1545. 909 

(49) Xie, R.; Xing, Y.; Ghani, Y. A.; Ooi, K. E.; Ng, S. W. Full-scale demonstration of an 910 

ultrasonic disintegration technology in enhancing anaerobic digestion of mixed primary and 911 

thickened secondary sewage sludge. J Environ Eng Sci 2007, 6, 533-541. 912 

(50) Brown, J. P.; Clark, P.; Hogan, F. Ultrasonic sludge treatment for enhanced anaerobic 913 

digestion at orange county sanitation district. Proceedings of the Water Environment 914 

Federation 2003, 5, 393-408. 915 

Page 39 of 46

ACS Paragon Plus Environment

Environmental Science & Technology



40 

(51) Zabranska, J.; Dohanyos, M.; Jenicek, P.; Kutil, J. Disintegration of excess activated 916 

sludge - evaluation and experience of full-scale applications. Water Sci Technol 2006, 53, 917 

229-236. 918 

(52) Zhang, D.; Chen, Y. G.; Zhao, Y. X.; Zhu, X. Y. New sludge pretreatment method to 919 

improve methane production in waste activated sludge digestion. Environ Sci Technol 2010, 920 

44, 4802-4808. 921 

(53) Sun, Y.; O'Riordan, M. X. D. Regulation of Bacterial Pathogenesis by Intestinal Short-922 

Chain Fatty Acids. Adv Appl Microbiol 2013, 85, 93-118. 923 

(54) Pratt, S.; Liew, D.; Batstone, D. J.; Werker, A. G.; Morgan-Sagastume, F.; Lant, P. A. 924 

Inhibition by fatty acids during fermentation of pre-treated waste activated sludge. J 925 

Biotechnol 2012, 159, 38-43. 926 

(55) Royce, L. A.; Liu, P.; Stebbins, M. J.; Hanson, B. C.; Jarboe, L. R. The damaging effects of 927 

short chain fatty acids on Escherichia coli membranes. Appl Microbiol Biot 2013, 97, 8317-928 

8327. 929 

(56) PRWeb. Global ETAC production to exceed 3.5 Mln Tonnes in 2015, according to new 930 

report by Merchant Research & Consulting. 931 

http://www.prweb.com/releases/2014/02/prweb11619424.htm (accessed Jan 22, 2016).  932 

(57) Keyes, D. B. Esterification processes and equipment. Industrial & Engineering Chemistry 933 

1932, 24, 1096-1103. 934 

(58) Lai, I. K.; Liu, Y. C.; Yu, C. C.; Lee, M. J.; Huang, H. P. Production of high-purity ethyl 935 

acetate using reactive distillation: Experimental and start-up procedure. Chemical 936 

Engineering and Processing 2008, 47, 1831-1843. 937 

(59) Kertes, A. S.; King, C. J. Extraction chemistry of fermentation product carboxylic acids. 938 

Biotechnol Bioeng 2009, 103, 432-445. 939 

(60) Murov, S. Properties of Organic Solvents. http://murov.info/orgsolvents.htm (accessed 940 

March 14, 2018).  941 

(61) Kim, J. O.; Kim, S. K.; Kim, R. H. Filtration performance of ceramic membrane for the 942 

recovery of volatile fatty acids from liquid organic sludge. Desalination 2005, 172, 119-127. 943 

(62) Zacharof, M. P.; Lovitt, R. W. Recovery of volatile fatty acids (VFA) from complex waste 944 

effluents using membranes. Water Sci Technol 2014, 69, 495-503. 945 

(63) Zacharof, M. P.; Mandale, S. J.; Williams, P. M.; Lovitt, R. W. Nanofiltration of treated 946 

digested agricultural wastewater for recovery of carboxylic acids. J Clean Prod 2016, 112, 947 

4749-4761. 948 

(64) Huang, C. H.; Xu, T. W.; Zhang, Y. P.; Xue, Y. H.; Chen, G. W. Application of electrodialysis 949 

to the production of organic acids: State-of-the-art and recent developments. J Membrane 950 

Sci 2007, 288, 1-12. 951 

(65) Hongo, M.; Nomura, Y.; Iwahara, M. Novel method of lactic-acid production by 952 

electrodialysis fermentation. Appl Environ Microb 1986, 52, 314-319. 953 

(66) Bailly, A.; Roux-de Balmann, H.; Aimar, P.; Lutin, F.; Cheryan, M. Production processes of 954 

fermented organic acids targeted around membrane operations: design of the concentration 955 

step by conventional electrodialysis. J Membrane Sci 2001, 191, 129-142. 956 

(67) Pinacci, P.; Radaelli, M. Recovery of citric acid from fermentation broths by 957 

electrodialysis with bipolar membranes. Desalination 2002, 148, 177-179. 958 

(68) Wang, X. L.; Wang, Y. M.; Zhang, X.; Feng, H. Y.; Xu, T. W. In-situ combination of 959 

fermentation and electrodialysis with bipolar membranes for the production of lactic acid: 960 

Continuous operation. Bioresource Technol 2013, 147, 442-448. 961 

Page 40 of 46

ACS Paragon Plus Environment

Environmental Science & Technology



41 

(69) Andersen, S. J.; Hennebel, T.; Gildemyn, S.; Coma, M.; Desloover, J.; Berton, J.; 962 

Tsukamoto, J.; Stevens, C.; Rabaey, K. Electrolytic membrane extraction enables production 963 

of fine chemicals from biorefinery sidestreams. Environ Sci Technol 2014, 48, 7135-7142. 964 

(70) Tao, B.; Passanha, P.; Kumi, P.; Wilson, V.; Jones, D.; Esteves, S. Recovery and 965 

concentration of thermally hydrolysed waste activated sludge derived volatile fatty acids and 966 

nutrients by microfiltration, electrodialysis and struvite precipitation for 967 

polyhydroxyalkanoates production. Chem Eng J 2016, 295, 11-19. 968 

(71) Rebecchi, S.; Pinelli, D.; Bertin, L.; Zama, F.; Fava, F.; Frascari, D. Volatile fatty acids 969 

recovery from the effluent of an acidogenic digestion process fed with grape pomace by 970 

adsorption on ion exchange resins. Chem Eng J 2016, 306, 629-639. 971 

(72) Lopez-Garzon, C. S.; van der Wielen, L. A. M.; Straathof, A. J. J. Green upgrading of 972 

succinate using dimethyl carbonate for a better integration with fermentative production. 973 

Chem Eng J 2014, 235, 52-60. 974 

(73) Lopez-Garzon, C. S.; Ottens, M.; van der Wielen, L. A. M.; Straathof, A. J. J. Direct 975 

downstream catalysis: From succinate to its diethyl ester without intermediate acidification. 976 

Chem Eng J 2012, 200, 637-644. 977 

(74) Andersen, S. Electrochemical extraction, recovery and valorization of carboxylic acids 978 

from biorefineries. Ph.D. Dissertation, Ghent University, Ghent, Belgium, 2016. 979 

(75) Huddleston, J. G.; Visser, A. E.; Reichert, W. M.; Willauer, H. D.; Broker, G. A.; Rogers, R. 980 

D. Characterization and comparison of hydrophilic and hydrophobic room temperature ionic 981 

liquids incorporating the imidazolium cation. Green Chem 2001, 3, 156-164. 982 

(76) Chen, L.; Sharifzadeh, M.; Mac Dowell, N.; Welton, T.; Shah, N.; Hallett, J. P. Inexpensive 983 

ionic liquids: [HSO4]
- 
-based solvent production at bulk scale. Green Chem 2014, 16, 3098-984 

3106. 985 

(77) Steinbuchel, A.; Lutke-Eversloh, T. Metabolic engineering and pathway construction for 986 

biotechnological production of relevant polyhydroxyalkanoates in microorganisms. Biochem 987 

Eng J 2003, 16, 81-96. 988 

(78) European bioplastics. Bioplastics facts and figures. http://docs.european-989 

bioplastics.org/2016/publications/EUBP_facts_and_figures.pdf (accessed Aug 15, 2016 ).  990 

(79) Korkakaki, E.; van Loosdrecht, M. C. M.; Kleerebezem, R. Survival of the fastest: 991 

Selective removal of the side population for enhanced PHA production in a mixed substrate 992 

enrichment. Bioresource Technol 2016, 216, 1022-1029. 993 

(80) Kourmentza, C.; Plácido, J.; Venetsaneas, N.; Burniol-Figols, A.; Varrone, C.; Gavala, H. 994 

N.; Reis, M. A. Recent advances and challenges towards sustainable polyhydroxyalkanoate 995 

(PHA) production. Bioengineering 2017, 4, 55. 996 

(81) Fernandez-Dacosta, C.; Posada, J. A.; Kleerebezem, R.; Cuellar, M. C.; Ramirez, A. 997 

Microbial community-based polyhydroxyalkanoates (PHAs) production from wastewater: 998 

Techno-economic analysis and ex-ante environmental assessment. Bioresource Technol 999 

2015, 185, 368-377. 1000 

(82) Tan, G. Y. A.; Chen, C. L.; Li, L.; Ge, L.; Wang, L.; Razaad, I. M. N.; Li, Y.; Zhao, L.; Mo, Y.; 1001 

Wang, J. Y. Start a research on biopolymer polyhydroxyalkanoate (PHA): A review. Polymers-1002 

Basel 2014, 6, 706-754. 1003 

(83) Salehizadeh, H.; Van Loosdrecht, M. C. M. Production of polyhydroxyalkanoates by 1004 

mixed culture: recent trends and biotechnological importance. Biotechnol Adv 2004, 22, 261-1005 

279. 1006 

Page 41 of 46

ACS Paragon Plus Environment

Environmental Science & Technology



42 

(84) Jiang, Y.; Marang, L.; Tamis, J.; van Loosdrecht, M. C.; Dijkman, H.; Kleerebezem, R. 1007 

Waste to resource: converting paper mill wastewater to bioplastic. Water Res 2012, 46, 1008 

5517-5530. 1009 

(85) Cruz, M. V.; Freitas, F.; Paiva, A.; Mano, F.; Dionísio, M.; Ramos, A. M.; Reis, M. A. 1010 

Valorization of fatty acids-containing wastes and byproducts into short-and medium-chain 1011 

length polyhydroxyalkanoates. New biotechnology 2016, 33, 206-215. 1012 

(86) Arcos-Hernandez, M.; Pratt, S.; Laycock, B.; Johansson, P.; Werker, A.; Lant, P. Waste 1013 

activated sludge as biomass for production of commercial-grade polyhydroxyalkanoate 1014 

(PHA). Waste Biomass Valori 2013, 4, 117-127. 1015 

(87) Fernández-Dacosta, C.; Posada, J. A.; Kleerebezem, R.; Cuellar, M. C.; Ramirez, A. 1016 

Microbial community-based polyhydroxyalkanoates (PHAs) production from wastewater: 1017 

Techno-economic analysis and ex-ante environmental assessment. Bioresource Technol 1018 

2015, 185, 368-377. 1019 

(88) Bioplastic Magazin. Phario project set to scale up to pilot production. 1020 

http://www.bioplasticsmagazine.com/en/news/meldungen/20180202Phario-project-set-to-1021 

scale-up-to-pilot-production.php (accessed Feb 12, 2016).  1022 

(89) Johnson, K.; Jiang, Y.; Kleerebezem, R.; Muyzer, G.; van Loosdrecht, M. C. Enrichment of 1023 

a mixed bacterial culture with a high polyhydroxyalkanoate storage capacity. 1024 

Biomacromolecules 2009, 10, 670-6. 1025 

(90) Tamisa, J.; Luzkov, K.; Jiang, Y.; van Loosdrecht, M. C.; Kleerebezem, R. Enrichment of 1026 

Plasticicumulans acidivorans at pilot-scale for PHA production on industrial wastewater. J 1027 

Biotechnol 2014, 192, 161-169. 1028 

(91) Klein, R. Material properties of plastics Laser Welding of Plastics: Materials, Processes 1029 

and Industrial Applications; John Wiley & Sons: Weinheim, Germany, 2011. 1030 

(92) Hao, J. X.; Wang, H. Volatile fatty acids productions by mesophilic and thermophilic 1031 

sludge fermentation: Biological responses to fermentation temperature. Bioresource Technol 1032 

2015, 175, 367-373. 1033 

(93) Hao, J. X.; Wang, X. J.; Wang, H. Overall process of using a valerate-dominant sludge 1034 

hydrolysate to produce high-quality polyhydroxyalkanoates (PHA) in a mixed culture. Sci 1035 

Rep-Uk 2017, 7, 6939. 1036 

(94) Nasseri, A. T.; Rasoul-Amini, S.; Morowvat, M. H.; Ghasemi, Y. Single cell protein: 1037 

production and process. American Journal of food technology 2011, 6, 103-116. 1038 

(95) Pikaar, I.; Matassa, S.; Rabaey, K.; Bodirsky, B. L.; Popp, A.; Herrero, M.; Verstraete, W. 1039 

Microbes and the Next Nitrogen Revolution. Environ Sci Technol 2017, 51, 7297-7303. 1040 

(96) Vriens, L.; Nihoul, R.; Verachtert, H. Activated sludges as animal feed: A review. 1041 

Biological Wastes 1989, 27, 161-207. 1042 

(97) Clark, D. S.; Blanch, H. W. Biochemical engineering; CRC press: New York, , 1997. 1043 

(98) U.S. Department of Energy. Benchmark the Fuel Cost of Steam Generation. 1044 

https://energy.gov/sites/prod/files/2014/05/f16/steam15_benchmark.pdf (accessed March 1045 

14, 2018).  1046 

(99) Kobayashi, M.; Kobayashi, M. Waste remediation and treatment using anoxygenic 1047 

phototrophic bacteria. In Anoxygenic photosynthetic bacteria; Blankenship, R. E.; Madigan, 1048 

M. T.; Bauer, C. E., Eds. Kluwer Academic Publishers: Dordrecht, 1995; pp 1269-1282. 1049 

(100) Anupama; Ravindra, P. Value-added food: Single cell protein. Biotechnol Adv 2000, 18, 1050 

459-479. 1051 

Page 42 of 46

ACS Paragon Plus Environment

Environmental Science & Technology



43 

(101) Madigan, M. T. Microbiology of nitrogen fixation by anoxygenic photosynthetic 1052 

bacteria. In Anoxygenic photosynthetic bacteria; Blankenship, R. E.; Madigan, M. T.; Bauer, C. 1053 

E., Eds. Springer: Dordrecht, 1995; pp 915-928. 1054 

(102) Björn, L. O. Photobiology: The science of light and life; Springer: Lund, Sweden, 2015. 1055 

(103) Nakajima, F.; Kamiko, N.; Yamamoto, K. Organic wastewater treatment without 1056 

greenhouse gas emission by photosynthetic bacteria. Water Sci Technol 1997, 35, 285-291. 1057 

(104) Kobayashi, M.; Tchan, Y. T. Treatment of industrial waste solutions and production of 1058 

useful by-products using a photosynthetic bacterial method. Water Res 1973, 7, 1219-1224. 1059 

(105) Clauwaert, P.; Muys, M.; Alloul, A.; De Paepe, J.; Luther, A.; Sun, X. Y.; Ilgrande, C.; 1060 

Christiaens, M. E. R.; Hu, X. N.; Zhang, D. D.; Lindeboom, R. E. F.; Sas, B.; Rabaey, K.; Boon, 1061 

N.; Ronsse, F.; Geelen, D.; Vlaeminck, S. E. Nitrogen cycling in Bioregenerative Life Support 1062 

Systems: Challenges for waste refinery and food production processes. Prog Aerosp Sci 2017, 1063 

91, 87-98. 1064 

(106) Bossier, P.; Ekasari, J. Biofloc technology application in aquaculture to support 1065 

sustainable development goals. Microbial Biotechnology 2017, 10, 1012-1016. 1066 

(107) WEF Highlights. Turning beer waste into animal feed. http://news.wef.org/turning-1067 

beer-waste-into-animal-feed/ (accessed Aug 15, 2016).  1068 

(108) Avecom. Avecom recupereert eiwitten uit afvalstromen voedingsindustrie. 1069 

https://avecom.be/ (accessed Feb 12, 2016).  1070 

(109) Westerhoff, P.; Lee, S.; Yang, Y.; Gordon, G. W.; Hristovski, K.; Halden, R. U.; Herckes, P. 1071 

Characterization, Recovery Opportunities, and Valuation of Metals in Municipal Sludges from 1072 

US Wastewater Treatment Plants Nationwide. Environ Sci Technol 2015, 49, 9479-9488. 1073 

(110) Babel, S.; Dacera, D. D. Heavy metal removal from contaminated sludge for land 1074 

application: A review. Waste Manage 2006, 26, 988-1004. 1075 

(111) Process design and economics for the production of algal biomass: algal biomass 1076 

production in open pond systems and processing through dewatering for downstream 1077 

conversion; National Renewable Energy Laboratory: Denver, CO, 2016; 1078 

https://www.nrel.gov/docs/fy16osti/64772.pdf. 1079 

(112) Uduman, N.; Qi, Y.; Danquah, M. K.; Forde, G. M.; Hoadley, A. Dewatering of microalgal 1080 

cultures: A major bottleneck to algae-based fuels. J Renew Sustain Ener 2010, 2, 012701/1-1081 

012701/15. 1082 

(113) Lu, H.; Dong, S.; Zhang, G.; Han, T.; Zhang, Y.; Li, B. Enhancing the auto-flocculation of 1083 

photosynthetic bacteria to realize biomass recovery in brewery wastewater treatment. 1084 

Environ Technol 2018, 39, 1-10. 1085 

(114) Imhoff, J. F.; et al. The phototrophic alpha-proteobacteria. In The Prokaryotes; 1086 

Dworkin, M.; Falkow, S.; Rosenberg, E.; Schleifer, K.-H.; Stackebrandt, E., Eds. Springer-1087 

Verlag: New York, 2006; Vol. 5, pp 41-64. 1088 

(115) Leach, G.; Oliveira, G.; Morais, R. Spray-drying of Dunaliella salina to produce a beta-1089 

carotene rich powder. J Ind Microbiol Biot 1998, 20, 82-85. 1090 

(116) Desobry, S. A.; Netto, F. M.; Labuza, T. P. Comparison of spray-drying, drum-drying and 1091 

freeze-drying for beta-carotene encapsulation and preservation. J Food Sci 1997, 62, 1158-1092 

1162. 1093 

(117) Oliveira, E. G.; Rosa, G. S.; Moraes, M. A.; Pinto, L. A. A. Characterization of thin layer 1094 

drying of Spirulina platensis utilizing perpendicular air flow. Bioresource Technol 2009, 100, 1095 

1297-1303. 1096 

Page 43 of 46

ACS Paragon Plus Environment

Environmental Science & Technology



44 

(118) Desmorieux, H.; Hernandez, F. Biochemical and physical criteria of Spirulina after 1097 

different drying processes, 14th International Drying Symposium, São Paulo, Brazil, 2004; pp 1098 

900-907. 1099 

(119) IndexMundi. Agriculture production, supply and distribution. 1100 

http://www.indexmundi.com/agriculture/ (accessed June 14, 2016).  1101 

(120) Ozadali, F.; Glatz, B. A.; Glatz, C. E. Fed batch fermentation with and without on-line 1102 

extraction for propionic and acetic acid production by Propionibacterium acidipropionici. 1103 

Appl Microbiol Biot 1996, 44, 710-716. 1104 

(121) Van Hulle, S. W. H.; Vandeweyer, H. J. P.; Meesschaert, B. D.; Vanrolleghem, P. A.; 1105 

Dejans, P.; Dumoulin, A. Engineering aspects and practical application of autotrophic 1106 

nitrogen removal from nitrogen rich streams. Chem Eng J 2010, 162, 1-20. 1107 

(122) Agrawal, S.; Seuntjens, D.; De Cocker, P.; Lackner, S.; Vlaeminck, S. E. Success of 1108 

mainstream partial nitritation/anammox demands integration of engineering, microbiome 1109 

and modeling insights. Curr Opin Biotech 2018, 50, 214-221. 1110 

(123) Jimenez, J.; Dold, P.; Du, W.; Burger, G. Mainstream Nitrite-Shunt with Biological 1111 

Phosphorus Removal at the City of St. Petersburg Southwest WRF. Proceedings of the Water 1112 

Environment Federation 2014, 6, 696-711. 1113 

(124) Cao, Y.; Kwok, B. H.; van Loosdrecht, M. C. M.; Daigger, G. T.; Png, H. Y.; Long, W. Y.; 1114 

Chye, C. S.; Ghani, Y. A. B. D. The occurrence of enhanced biological phosphorus removal in a 1115 

200,000 m(3)/day partial nitration and Anammox activated sludge process at the Changi 1116 

water reclamation plant, Singapore. Water Sci Technol 2017, 75, 741-751. 1117 

(125) Wett, B.; Podmirseg, S. M.; Gomez-Brandon, M.; Hell, M.; Nyhuis, G.; Bott, C.; Murthy, 1118 

S. Expanding DEMON Sidestream Deammonification Technology Towards Mainstream 1119 

Application. Water Environ Res 2015, 87, 2084-2089. 1120 

(126) ICIS. Indicative Chemical Prices A-Z. https://www.icis.com/chemicals/channel-info-1121 

chemicals-a-z/ (accessed April 11, 2018).  1122 

(127) Meyer, R. Bioeconomy Strategies: Contexts, Visions, Guiding Implementation Principles 1123 

and Resulting Debates. Sustainability 2017, 9, 1031. 1124 

(128) European parliament. The promotion of the use of energy from renewable sources and 1125 

amending. Directive 2009/28/EC, 2009; http://eur-lex.europa.eu/legal-1126 

content/EN/TXT/HTML/?uri=CELEX:32009L0028&rid=7. 1127 

(129) Taelman, S. E.; De Meester, S.; Roef, L.; Michiels, M.; Dewulf, J. The environmental 1128 

sustainability of microalgae as feed for aquaculture: A life cycle perspective. Bioresource 1129 

Technol 2013, 150, 513-522. 1130 

(130) FAO Fisheries. The production of fish meal and oil; Food and Agriculture Organization 1131 

of the United Nations: 1986. 1132 

(131) Sasaki, K.; Tanaka, T.; Nagai, S. Use of photosynthetic bacteria for the production of 1133 

SCP and chemicals from organic wastes. In Bioconversion of Waste Materials to Industrial 1134 

Products; Martin, A. M., Ed. Springer US: Boston, MA, 1998; pp 247-292. 1135 

(132) Matassa, S.; Boon, N.; Pikaar, I.; Verstraete, W. Microbial protein: future sustainable 1136 

food supply route with low environmental footprint. Microbial Biotechnology 2016, 9, 568-1137 

575. 1138 

(133) European Parliament. On the placing on the market and use of feed. Regulation No 1139 

767/2009 2009; http://eur-lex.europa.eu/legal-1140 

content/EN/TXT/PDF/?uri=CELEX:32009R0767&from=NL. 1141 

(134) van den Hoven, T.; Kazner, C. TECHNEAU : safe drinking water from source to tap state 1142 

of the art & perspectives; IWA publishing: London, United Kingdom, 2009. 1143 

Page 44 of 46

ACS Paragon Plus Environment

Environmental Science & Technology



45 

(135) Dewettinck, T.; Van Houtte, E.; Geenens, D.; Van Hege, K.; Verstraete, W. HACCP 1144 

(Hazard Analysis and Critical Control Points) to guarantee safe water reuse and drinking 1145 

water production - a case study. Water Sci Technol 2001, 43, 31-38. 1146 

(136) European Parliament. Laying down the general principles and requirements of food 1147 

law, establishing the European Food Safety Authority and laying down procedures in matters 1148 

of food safety. Regulation No 178/2002, 2002; http://eur-lex.europa.eu/legal-1149 

content/EN/TXT/PDF/?uri=CELEX:32002R0178&from=EN. 1150 

(137) Wagner, A. O.; Gstraunthaler, G.; Illmer, P. Survival of bacterial pathogens during the 1151 

thermophilic anaerobic digestion of biowaste: Laboratory experiments and in situ validation. 1152 

Anaerobe 2008, 14, 181-183. 1153 

(138) Hai, F. I.; Riley, T.; Shawkat, S.; Magram, S. F.; Yamamoto, K. Removal of Pathogens by 1154 

Membrane Bioreactors: A Review of the Mechanisms, Influencing Factors and Reduction in 1155 

Chemical Disinfectant Dosing. Water-Sui 2014, 6, 3603-3630. 1156 

(139) Hulsen, T.; Barry, E. M.; Lu, Y.; Puyol, D.; Batstone, D. J. Low temperature treatment of 1157 

domestic wastewater by purple phototrophic bacteria: Performance, activity, and 1158 

community. Water Res 2016, 100, 537-545. 1159 

(140) Molin, G. Inactivation of Bacillus Spores in Dry Systems at Low and High-Temperatures. 1160 

Journal of General Microbiology 1977, 101, 227-231. 1161 

(141) European Parliament. Concerning certain products used in animal nutrition. Directive 1162 

82/471 /EEC, 1982; http://eur-lex.europa.eu/legal-1163 

content/EN/TXT/PDF/?uri=CELEX:31982L0471&from=EN. 1164 

 1165 

Page 45 of 46

ACS Paragon Plus Environment

Environmental Science & Technology



  

 

 

Figure 4 Overview of (A) the current global esters,56 bio-based compostable plastics production78 and 
fishmeal protein,119 along with their potential production from sewage treatment plants with a capacity 

higher than 50 kPE and (B) the potential turnover for all commodities. Bars show overall average and error 
represent the 0.2-0.8 probability interval.  
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