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Although traditional anaerobic digestion (AD) process to produce methane-rich
biogas from wet waste is deep-rooted, high carbon footprint and its low value
as comparedwith other renewable sources demand advanced strategies to avoid
its production. An emerging conversion pathway to arrest methanogenesis for
producing value-added fuels and chemicals instead of biogas is sought as a sus-
tainable alternative. This research provides a comprehensive analysis on current
technology development, process challenges, applications, and economics for
producing high-value short-chain carboxylic acids from AD of wet wastes. We
show that (1) the theoretical energy yields of acids equal or exceed biogas, and
(2) the cost of these acids is competitive with those produced from chemical
markets, making this economically viable for mass production. With global abun-
dance of wet waste feedstocks, this process of short-chain acid production pro-
vides a promising alternative to conventional biogas production technology,
while achieving waste management and carbon mitigation goals.

INTRODUCTION

The rise in global population and urbanization has increased total waste generation, causing the need for

already limited waste disposal sites, potentially leading to unsanitary conditions affecting human health

and exacerbating pollution across the globe through increased use of fossil fuel to meet growing energy

demand (Kataki et al., 2017; Mazur, 1994; Stern, 2011; Zabel, 2009). With a finite supply of conventional fos-

sil raw materials and environmental implications caused by their use, research efforts are paving the way to

more environmentally friendly, economically viable, and technically feasible alternative energy sources (Ko-

berg and Gedanken, 2012). One option gaining increased attention is the recovery of valuable products

from organic-rich waste streams, using waste-to-energy (WTE) pathway. Waste is a pressing environmental

challenge worldwide, but with its high energy potential, WTE can provide a sustainable path toward

reducing fossil consumption and waste valorization. Conversion of wet waste feedstocks into transporta-

tion fuels and chemicals represents a significant opportunity for transforming these underutilized resources

(Psomopoulos et al., 2009; Brunner and Rechberger, 2015; Kothari et al., 2010; Beyene et al., 2018).

Wet wastes often include wastewater sludge; food waste; animal waste; and fats, oils, and greases (FOG)

(see Supplemental Information, section Supplemental Wet Waste Feedstocks: The Untapped Potential)

(BETO, 2017). The U.S. Department of Energy estimates approximately 50 million dry tons of combined

wet organic wastes in the United States are available annually for conversion to biofuels, bioproducts, or

biopower, representing an untapped energy potential of nearly 0.7 quadrillion British thermal units (Btu)

(BETO, 2017). Moreover, some of these wastes can be available at negligible or negative prices (avoided

tipping fees). Badgett et al. (2019) estimates about 61% of sewage sludge, 27% of animal manure, and 7% of

food waste may be potentially available in the United States at negative prices in areas with dense popu-

lation and high landfill tipping fees. Figure 1 shows the distribution of waste in the United States along with

individual energy potential in gallons gasoline equivalent (GGE), resulting in an annual energy resource of

11.3 billion GGE (Skaggs et al., 2018).

The most common practices of waste management include (1) direct disposal, landfilling, and incineration

(Liu et al., 2015; Rushton, 2003), (2) composting and production of animal feed (Capson-Tojo et al., 2016),

and (3) anaerobic digestion (AD) to produce biogas (methane, or CH4, and carbon dioxide, or CO2).

Disposing and landfilling are unsustainable, as their use leads to environmental issues such as greenhouse
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Figure 1. Estimated Wet Waste Quantity and its Fuel Equivalent in the United States (Skaggs et al., 2018)

The bar chart represents the estimated million (MM) dry tons of wet waste, and the embedded pie chart shows the fuel

equivalent values of all the wastes in MM gallons gasoline equivalent (GGE).
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gas emissions (GHG) and odor production (Capson-Tojo et al., 2016), whereas combustion and incineration

of waste produces toxic pollutants that are suspected human carcinogens (Rushton, 2003) and are usually

present in the form of particulates, gases, and metals (Harrad and Harrison, 1996). Composting and animal

feed production by recycling organic matter are potentially better options but produce low-value products

and promulgate risk for disease dispersal.

In contrast, all these wet wastes can be converted into renewable fuels (including diesel and aviation fuels),

biochemicals, biopower, and many other products. With abundance of wet waste availability, researchers

have been focusing on arresting the methanogenesis step in the AD process to produce short-chain

carboxylic acids such as volatile fatty acids (VFAs) and lactic acids, which can further be used to produce

hydrocarbons or chemicals (Agler et al., 2011; Chang et al., 2010; Kleerebezem and Van Loosdrecht,

2007; Lee et al., 2014; Yuan et al., 2006). Thus, by utilizing the untapped potential of wet wastes, we could

create an environmentally sustainable pathway to meet the challenges associated with growing energy de-

mand and help construct the bioeconomy of the future (BETO, 2017).

This study provides a comprehensive and multidisciplinary review on advanced pathways for production of

high-value products such as lactates and VFAs (referred to as ‘‘short-chain carboxylic acids’’) from wet

wastes including sludge from wastewater treatment (WWT) plants, food waste, swine manure, and FOG

as an alternative to conventional biogas. The focus provides quantitative analysis on both technical and

economic perspectives of wet waste-to-short-chain carboxylic acid conversion strategies, considering

the fundamental limitation of wet waste conversion theoretical boundaries to value-added chemicals.

The insights on the current technology status, process challenges, and economic and market potentials

are summarized in the study to provide recommendations for wet waste-to-short-chain carboxylic acid con-

version strategies on technology applications, commercialization, and technology features for future

research and development guidelines as an alternative to biogas production.
BIOGAS OR CARBOXYLIC ACIDS: WHAT IS THE VALORIZATION PATHWAY?

Conventional AD

AD is a natural process where microorganisms break down organic materials in absence of oxygen to pro-

duce biogas, a useful renewable source. Biogas is mainly composed of 40%–75%CH4 and 15%–60%CO2 by

volume with small amounts of hydrogen (H2), nitrogen, hydrogen sulfide, oxygen, and water (Ryckebosch

et al., 2011). It is a decomposition process that naturally occurs in swamps, water-logged soils, rice fields,

and digestive systems of termites and large animals (Olsson, 2012). It is an established technology that has

been commercialized in municipal WWT plants since the early 1900s. Since then, it has been applied to

treating different types of organic waste including food waste, yard waste, and process residues, providing

a clear path to waste management while reducing dependency on conventional sources.

The traditional AD process involves four biological steps that include hydrolysis, acidogenesis, acetogen-

esis, and methanogenesis. Hydrolysis breaks down insoluble matter to simple monomers via hydrolytic

bacteria, whereas the acidogenesis and acetogenesis convert simple sugars and acids to carboxylic acids,
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alcohols, CO2, and H2 via acidogens and other bacteria. The final methanogenesis step converts these ac-

etates and H2 to biogas via methanogenic bacteria, which is the final product of the process.

Although the production of biogas using AD technology provides an environmentally sustainable

approach when compared with landfills, there are several problems associated with the process and its

use. These include the possibility of GHG emissions during biogas handling operations, additional costs

for biogas refining to remove impurities for use in applications, and cheap availability of natural gas (see

Supplemental Information section Supplemental Issues Pertaining to Biogas Production). Also, the second

largest constituent in biogas is CO2, which translates to carbon being lost to unusable gas (although there

has been some research on converting this CO2 tomethane) (Diender et al., 2018), thereby reducing carbon

and subsequently energy efficiency. With these obstacles in mind, approximately 250 plants out of 1,500

digesters located at WWT facilities in the United States utilize biogas for heat and/or power, whereas

others simply flare the biogas. Therefore, research efforts have been focused on production of higher-value

products as opposed to biogas that would reshape the traditional AD process industry and fundamentally

improve total energy yields.

Arrested Methanogenesis

To achieve the goals of both economic development and environmental sustainability, development of

advanced technologies by utilizing an integrated approach to resource management for producing

high-value end products must be a priority. One alternative and amore advanced strategy to avoid the pro-

duction of biogas is to arrest methanogenesis to a degree so that intermediate short-chain carboxylic acids

are produced instead, as a direct precursor to high-value biofuel and bioproduct precursors (BETO, 2017;

Tamis et al., 2015). In addition, studies have shown H2 to be produced biologically by fermentation of

organic wastes (also referred as ‘‘dark fermentation’’) (Łukajtis et al., 2018; Batista, 2014; Pecorini et al.,

2019), although thermodynamic limitations due to inoculum instability and issues pertaining to optimiza-

tion of operational parameters for maintaining microbial consortia for continuous H2 production are bot-

tlenecks restricting the hydrogen yield and productivity (Sivagurunathan et al., 2016; Ren et al., 2011).

Arrested methanogenesis refers to different approaches that inhibit or primarily block methanogenesis

while promoting carboxylic acid production in acidogenesis and acetogenesis steps. There are several

proven strategies to arrest methanogenesis, including change in operating parameters of the process

(e.g., pH, temperature, and retention time) to increase activity of acid-forming bacteria (Jankowska et

al., 2018), use of an inhibitor to prohibit methanogen activity (Lukitawesa et al., 2020), and use of enhanced

waste pretreatment technologies (Yuan et al., 2019; Yin et al., 2014).

Short-Chain Acids

Short-chain carboxylic acids range from C2 to C4 acids such as acetic acid (C2), propionic acid (C3), lactic

acid (C3), butyric acid (C4), and succinic acid (C4)—which are potential renewable carbon sources that

can be used to produce fuels or chemicals (Chang et al., 2010; Wang et al., 2014). They are used in a variety

of applications, including polymers, food additives, pharmaceutical products, and cosmetics.

Carboxylic acids are produced from microbial carbohydrate digestion in ruminants and other herbivores,

as a naturally occurring concept, without any need for external enzymes to break down cellulose and com-

plex carbohydrates (Bergman, 1990; Aluwong et al., 2010). Conventionally, carboxylic acids are commer-

cially derived from fossil-based sources through chemical routes (Huang et al., 2002; Eggeman and Verser,

2005). For example, acetic acid is produced through carboxylation of methanol, butyric acid from chemical

synthesis through oxidation of butyraldehyde (obtained from propylene), and propionic acid from direct

oxidation of hydrocarbons or carboxylation of ethylene with carbon monoxide and water.

Utilizing organic-rich wastes (Figure 1) to produce carboxylic acids would help eliminate waste generated

around the world (Akaraonye et al., 2010). It would also help reduce concerns pertaining to using glucose

and sucrose as a main carbon source to produce carboxylic acids (Zigová et al., 1999; Kondo and Kondo,

1996). Also, the short-chain acids from waste sources would help reduce GHG emissions and energy and

chemical demand, which are typically higher if produced from petroleum-derived sources (Besselink

et al., 2017; Wu et al., 2016). Moreover, with the increasing price of oil and scarcity of non-renewable sour-

ces, alternative routes such as wet wastes for producing carboxylic acids would be a cost-effective and envi-

ronmentally friendly option.
iScience 23, 101221, June 26, 2020 3
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Although proven, there are several challenges with arrested AD technology that include identification of

microbial consortia for conversion of complex organic streams, low productivity of carboxylic acids, acid

toxicity (presence of a high concentration of minerals and carboxylates), and high cost of recovery and sep-

aration. There has been progress toward addressing some of these challenges, but a great amount of effort

is still needed to move toward commercialization. These challenges are addressed in the next section.
TECHNICAL PERSPECTIVES: TOWARD SHORT-CHAIN ACID PRODUCTION

Carboxylic Acid Titers and Yields Using Arrested Methanogenesis

Several studies have demonstrated the feasibility of such strategies by controlling redox, pH, and other

operational conditions, leading to production of C2-C6 acids (Lee et al., 2014; Chen et al., 2008). Table 1

summarizes the acid products, product titers, mass, and energy yields from different literature along

with the feedstocks used in the arrested AD process. Compared with sludge and food waste, fewer studies

investigated swine manure and FOG digestion.

The acid product distribution varies significantly with variation of feedstocks and arrested AD technologies.

One typical composition of carboxylic acids from wastewater sludge digestion ranges from 30%–65% for

acetic acid, 15%–30% for propionic acid, 15%–35% for butyric acid, and 10%–30% for valeric acid. However,

high ranges of acetic (70%–80%) and propionic (10%–15%) acids have also been reported from sludge

based on varying operational parameters. For food waste digestion, the composition of acetic acid is re-

ported to be higher, in the range of 50%–80%, with 10%–20% propionic acid and butyric acid at lower pH

values (<5). The high concentration of acetic acid results from higher carbohydrate and protein concentra-

tions in food waste as compared with sludge.

The product titers of carboxylic acids depend on the loading rate and digester operation mode. For

example, acid titers from sludge and food waste digestions are in the range of 1–22 grams per liter (g/L)

and 4 to 48 g/L, respectively. As food waste has high soluble organic content and better digestibility,

the concentration of carboxylic acids is typically higher as compared with sludge. Co-processing with

various organic wastes often reaches higher product titers; up to 61 g/L have been reported (Rughoonun-

dun and Holtzapple, 2017). Higher product titers would often result in high product yield. When food waste

is co-digested with sludge, the highest reported mass yield is 0.9 g/g VS. The high product yield is a result

of higher amounts of hydrolytic and acidogenic bacteria (Wang et al., 2014).

The production values, however, vary greatly based on feedstock type, operational parameters, type of fer-

mentations such as batch or countercurrent, ratio of co-fermenting feedstocks, and inoculum used for the

AD process (Kleerebezem et al., 2015). The carboxylic acid energy yield can reach in excess of 60% for

sludge as shown by Jankowska et al. (2015) and Morgan-Sagastume et al. (2011). Also, the energy yield

for lactic acid through a fungal hydrolysis process can reach up to 61% for food wastes as shown by

Kwan, Hu, and Lin (Kwan et al., 2016). In addition, co-fermenting sludge with food waste yields higher

acid concentration with an energy yield of 53% and 67%, as shown by Chen et al. (2013c) and Wu et al.

(2016), respectively. To further understand the importance of arrestingmethanogenesis by varyingmultiple

process parameters, we estimate carboxylic acid theoretical energy yields as described in the section

below.
Theoretical Energy Yields: Acids Versus Biogas

The compositional variability—such as amount of cellulose, lipid, protein, and lignin—and conversion of

fermentable components plays a vital role in determining the superiority of carboxylic acid production

as opposed to CH4 (in biogas) in terms of energy potential. Table 2 shows a summary of key compositions

of four types of wet waste organic feedstocks utilized for carboxylic acid production.

As described earlier, the main acids produced through the AD process are in the range of C2 to C4 acids

with small quantities of C5 and C6 acids. Thus, we focus the analysis on lactic, acetic, propionic, butyric, and

succinic acids in this study. In addition, H2 is a main coproduct along with carboxylic acids from the arrested

AD process (Alibardi and Cossu, 2016; Grzelak et al., 2015; Zhang et al., 2015; Zhao et al., 2017). Consid-

ering the multiple uses and high energy density of H2—103.8 million Btu per ton (MMBtu/ton) (Toolbox,

2003; Tools)—our estimates for theoretical energy yield of carboxylic acids also reflect H2 potential.
4 iScience 23, 101221, June 26, 2020



Feed Carboxylic

Acids

Carboxylic

Acid

(g/L)

Carboxylic Acid

Yield

(g/g VS Fed)

Carboxylic Acid

Energy Yield (%)

Reference

Sludge nr 10.7 0.3 42.6 Rughoonundun et al., 2012

Sludge nr nr 0.11–0.32a na Ahn and Speece, 2006

Sludge AA, BA, VA 10.7 0.34 43 Rughoonundun et al., 2010

Sludge AA, PA, VA, BA nr 0.077–0.141b na Cagnetta et al., 2016

Sludge AA, PA, VA 3.5a 0.302b na Wu et al., 2009

WAS nr nr 0.159–0.235—

Untreateda

0.14–0.24—Pretreateda

17.1–25.3—

Untreated

15.3–25.9—

Pretreated

Ma et al., 2016

WAS AA, PA, VA 0.90–1.77 0.17–0.31a 18.3–36.1 Li et al., 2014

WAS AA, PA nr 0.185–0.421b na Luo et al., 2014

WAS AA, PA, VA nr 0.298–0.368b na Zhang et al., 2009a

Primary sludge & WAS nr 4.9–21.6 0.15–0.78a 25.1–64.9 Morgan-Sagastume

et al., 2011

Primary sludge & WAS AA nr 0.54–0.62 54.2–61.9 Jankowska et al., 2015

Primary, secondary sludge,

& WAS

nr nr 0.44b 45 Khiewwijit et al., 2015

Bagasse & sludge AA, BA 15.08–60.8 0.36–0.45 38.4–46.2 Rughoonundun and

Holtzapple, 2017

Bagasse & sludge AA, BA 23.2 0.23 26.3 Rughoonundun et al.,

2010

MSW & SS AA, BA 16.3–26.0 0.175–0.276 25.4–40 Aiello-Mazzarri et al.,

2006

MSW & SS AA, PA nr 0.17–0.389 23.3–53.4 Ross and Holtzapple,

2001

MSW & SS AA, BA 10.7–20.5 0.15–0.41 16.5–51.9 Chan and Holtzapple,

2003

MSW & SS AA, PA, BA 13.6–22.2 0.095–0.197 12.7–25.7 Aiello-Mazzarri et al.,

2005

FW AA, BA 3.94–39.46 (pH) 0.032–0.316 2.3–27.6 Jiang et al., 2013

AA, PA, BA 14.9–47.89

(temp)

0.137–0.44 12.5–34.6

AA, PA, BA, VA 12.98–24.93

(OLR)

0.261–0.504 19.2–42.8

FW (tofu and egg white) AA, PA, BA, VA 7.28–21.07 0.16–0.46 12.2–36.1 Shen et al., 2017

FW LA nr 0.23–0.27 (wet basis) 51.8–60.9 Kwan et al., 2016

FW & WAS nr nr 0.186—WASa; 0.435—

FWa; 0.692—

Combineda

52.9—Combined Chen et al., 2013c

Table 1. Summary of Literature Values for Short-Chain Acid Composition, Titer, Mass, and Energy Yield

(Continued on next page)
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Feed Carboxylic

Acids

Carboxylic

Acid

(g/L)

Carboxylic Acid

Yield

(g/g VS Fed)

Carboxylic Acid

Energy Yield (%)

Reference

FW & excess sludge nr nr 0.168—Sludge; 0.315—

FW; 0.867—Combined

66.8—Combined Wu et al., 2016

FW & sludge BA, AA nr 0.124–0.918c 5.2–52.3 Wang et al., 2014

Cattle manure AA, PA, CA nr 0.158–0.24 24.2–34.1 Ross and Holtzapple, 2001

Chicken manure nr nr 0.327d na Smith and Holtzapple,

2011

Swine manure AA, PA, VA nr 0.09–0.12a na Huang et al., 2016

Rice straw & chicken

manure

AA, BA, CA 25–40.8 0.16–0.29 32.1–59.9 Agbogbo and Holtzapple,

2007

Swine manure & corn stover AA, BA 15.2–25.1 0.19–0.38 26.2–47.6 Chan et al., 2011

Bagasse & chicken manure AA, BA 15.5–28 0.11–0.18 15.1–25.7 Fu and Holtzapple, 2010

Bagasse & chicken manure AA, BA, PA 28.3–40.2 0.26–0.47 34.7–62.9 Fu and Holtzapple, 2011

Sugarcane trash & chicken

manure

AA, BA 18.4–29.9 0.23–0.36 36.7–65.9 Nachiappan et al., 2011

Paper & chicken manure nr nr 0.129–0.183 20.4–28 Smith et al., 2011

Paper & chicken manure nr 7.9–14.5 0.159–0.481 20.4–62.3 Golub et al., 2012

Freshwater microalgae AA, PA, BA, VA 3.6–14.7 0.115–0.462 na Zhao et al., 2016

Water hyacinths AA, PA, BA, VA, CA 8.0–19.9 0.12–0.3 na Forrest et al., 2010

Paper & yeast BA, AA 13.8–16.6 0.08–0.09 14.1–16.6 Forrest et al., 2012

Cheese whey nr 9.27–16.65 0.80–0.85e na Domingos et al., 2017

Corn fiber BA 11.1 (6.6—BA) 0.56 (0.33—BA)a 58.8 Agler et al., 2012

Kitchen waste AA, BA 36 0.262 23.2 Zhang et al., 2005

Table 1. Continued

VS = volatile solids, MSW =municipal solid waste, SS = sewage sludge, AA = acetic acid, BA = butyric acid, PA = propionic acid, CA = caproic acid, VA = valeric

acid, nr = not reported, na = data not available, FW = food waste, LA = lactic acid, WAS = waste activated sludge, OLR = organic loading rate. Note that data not

available is includedwhen the yield (g/g VS fed) is available but the composition of carboxylic acids or the lower heating value of component (feed or specific acid)

is not available to estimate the energy yield.
aValue expressed in g carboxylic acid/g non-acid volatile solids fed.
bValue expressed in chemical oxygen demand (COD) units.
cValue expressed in g carboxylic acid-COD/g volatile suspended solids (VSS) fed.
dValue expressed in g carboxylic acid-COD/g lactose.
eValue expressed in g carboxylic acid/g VSS (removed).
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The energy yield is an important parameter to estimate the biogas production values for a given amount of

waste. So, would energy yield for carboxylic acids be comparable with that for biogas? Based on the molar

conversion ratio of fermentable components in the feed, we divide the weighted average heating values of

short-chain carboxylic acids by the lower heating values (LHVs) of the feed to determine the theoretical en-

ergy yield of the acids. As illustrated in Figure 2, the theoretical energy yield for CH4 varies with the type of

wastes, in comparison with energy yields for short-chain carboxylic acids. The compositions of fermentable

components in each waste are also shown in Figure 2. The energy yield of CH4 is estimated at 58% for

sludge, 74% for food waste, 54% for manure, and 70% for FOG.

For acid production, high energy yields require not only high molar conversion of fermentable components

in waste feedstocks, but also a product with high intrinsic LHV. For instance, butyric acid has the highest

LHV among all C2–C4 acids studied here, which would result in a high energy yield assuming it is the
6 iScience 23, 101221, June 26, 2020



Parameters Wastewater

Sludge

Food Waste Swine

Manure

FOG

Typical scale (wet tons/day, unless noted) 1–300 MGD 1–250 1–250 1–200

Ash 7.5% 5.0% 15.2% 0%

Lipids 18.0% 21.0% 3.8% 78.0%

Proteins 24.0% 19.0% 20.0% 7.0%

Fermentable carbohydrates 16.0% 55.0% 36.5% 15.0%

Lignin 0% 0% 21.0% 0%

Extractives (all non-fermentable

components)

34.5% 0% 3.5% 0%

Energy density (MMBtu/DT) 17.7 20.8 15.5 35.4

Dry tons (MM) 14.8 15.3 41.0 6.1

Trillion Btu 237.6 318.2 547.1 214.3

Moisture content (%) 96% 75% 93% 6%–95%

TS (%) Primary: 2%–6% 25% 7% 5%–94%

Secondary: 2%–10%

COD (mg/L)

Range 47,200–140,000 39,800–

350,000

20,600–35,000 92,000–

149,000

Mean 135,711 154,000 28,430 120,500

Assumed COD reduction 55.5% 65.0% 55.0% 82.0%

Table 2. Summary of Key Data for Four Types of Wet Waste Organic Feedstocks

MGD = million gallons per day, DT = dry ton, MMBtu = million British thermal units, MM = million, TS = total solids, COD =

chemical oxygen demand.
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sole product. The molar yields to short-chain carboxylic acids (C2–C4) are listed in Table 3. The molar yield

from carbohydrate to acetic acid is 3 to 1, leading to high energy yields in food waste because of 55% car-

bohydrate content in its feed composition. Similarly, high lipid composition in FOG leads to high energy

yields of either CH4 or carboxylic acids.

The error bars in Figure 2 indicate the variation of acid product distributions. Thus, the energy yield of acids

is estimated to exceed CH4 with values of 58%–63% for sludge, 76%–87% for food waste, 54%–63% for

swine manure, and 75%–80% for FOG. This demonstrates the importance of exploring alternative ap-

proaches such as arrested AD, as energy in wet wastes can be sustained efficiently in carboxylic acids as

compared with CH4.

Factors Impacting Acid Production

Figure 3 illustrates major unit operations for production of short-chain carboxylic acids through an arrested

AD concept and its extraction from the fermentation broth.

After biomass enters the arrested AD unit, microorganisms can utilize it as an energy source to produce

products by converting fermentable components to acids. In acidogenesis, the monomers formed in the

hydrolytic phase are taken up by acidogenic bacteria to be degraded into short-chain carboxylic acids,

alcohol, H2, and CO2. In this process, a group of microorganisms are inhibited before the methanogenesis

stage so that no CH4 is formed, and the main products in the broth are a mixture of carboxylic acids. After

acid production from the arrested AD, the broth is sent to the separation and extraction steps to selectively

obtain acids from themixture. The remaining unconverted sludge can be used for land application. Process

water is routed back for reuse.
iScience 23, 101221, June 26, 2020 7



Figure 2. Theoretical Energy Yields for Carboxylic Acids as Compared with Methane

Left y-axis is percentage composition of the wastes and right y-axis is percentage energy yield of product to feedstocks.

The black error bars indicate the variation of C2-C4 acid product distribution for each type of wet waste.
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There are several approaches to increase carboxylic acid and simultaneously reduce biogas production

during the biological conversion step. This includes inducing acidification by improving the rate of hydro-

lysis, increasing the amount of acidogens by promoting acidogenesis, and reducing methanogens by

inhibiting methanogenesis (Yuan et al., 2006). Recent progress has been made in the new electrofermen-

tation process, where electrodes are used to regulate the redox potential to inhibit methanogenesis (Jiang

et al., 2019). The rate-limiting step for carboxylic acid production is hydrolysis (Wang et al., 2014; Li and

Noike, 1992), and vital factors impacting its production include pH (Chen et al., 2007, 2013a), temperature

(Li et al., 2014), redox potential (Jiang et al., 2018), and hydraulic retention time (HRT) (Jankowska et al.,

2015). Other parameters impacting carboxylic acid production include organic loading rate (Yun and

Cho, 2016), substrate pretreatment (Morgan-Sagastume et al., 2011), co-fermentation with other wastes

(Wu et al., 2016), and feeding pattern (Zheng et al., 2010). Studies have also shown to produce H2 and

CO2 along with carboxylic acids (Kleerebezem et al., 2015).

pH is one of themost important parameters impacting product yields. pH levels in the reactor highly impact

the rate of hydrolysis and acidogenesis, which is one of the key approaches toward short-chain acid pro-

duction (Begum et al., 2018; Zhao et al., 2018). Most of the acidogens cannot withstand extreme acidic

(pH = 3) or alkaline (pH = 12) environments (Liu et al., 2012), thus it is necessary to maintain an optimal

pH for inducing acidification depending on the type of wet wastes and acids of interest. Wu et al. (2009)

found that acid productions from primary sludge are higher at alkaline conditions with the highest concen-

tration of 3.5 grams of chemical oxygen demand per liter (g COD/L) at pH = 10, with acetic, propionic, and

iso-valeric acids having the highest yields. Zhang, Chen, and Zhou (Zhang et al., 2009a) also studied the

production of short-chain acids from waste-activated sludge at different pH conditions and found that

acids do not withstand acidic (pH < 7) or strong alkaline conditions (pH > 9). Similarly for food waste,

high yields were reported by Wang et al. (2014) from food waste at pH = 6, with acetate and butyrate as

the main acids. Jiang et al. (2013) and Zhang et al. (2005) also showed high acid yields from kitchen waste

at pH levels close to neutral (pH between 6 and 7) due to high hydrolytic enzyme activity and acidification

and low methanogen activity (Strazzera et al., 2018). Huang et al. (2016) showed high acid yields from swine

manure at slightly alkaline pH values (8–10) for a short-term AD process. Thus, pH is an influencing factor to

induce acidification and inhibit methanogens for selectively producing acids (Garcia-Aguirre et al., 2017).

The AD process corresponds to a cascade of oxidation and reduction reactions carried out by consortia of

microorganisms. As a closed system without external inputs of an energy source or electron acceptors, AD

tends to reach a thermodynamic equilibrium, with CH4 as the main product because it has the lowest Gibbs

energy change per electron than organic compounds. Similar to pH as a measure of proton activity, the

redox potential corresponds to the NAD+/NADH ratio within cells, which represents their intracellular

oxidation states and controls gene expression and enzyme synthesis for the overall cell metabolic activities

(Sporer et al., 2017; Chen et al., 2008). Therefore, recent studies found redox potential could influence

fermentation pathways and regulate the product spectrum. Hirano et al. (2013) reported that when a

high-redox potential was maintained (+0.2 volts and �0.2 volts versus silver/silver chloride), methanogen-

esis by Methanothermobacter thermautotrophicus was effectively suppressed; when a low potential �0.8

volts was applied, CH4 production increased dramatically (Hirano et al., 2013). Jiang et al. (2018) investi-

gated the effects of redox potential of the mixed culture anaerobic fermentation reactor and found that
8 iScience 23, 101221, June 26, 2020



Molar Yield to Carboxylates Carbohydrate Lipid Protein

Acetic acid, H2 3, 0 18, 73 0.22, 0.55

Propionic acid, H2 1.5, 1.5 12, 61 0.15, 0.38

Lactic acid, H2 2, 3 12, 73 0.15, 0.53

Butyric acid, H2 1, 2 9, 55 0.11, 0.33

Succinic acid, H2 1, 5 9, 82 0.11, 0.66

CH4 3 36 0.44

Table 3. Molar Yields of Carbohydrate, Lipid, and Protein to Carboxylic Acids
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by increasing the potential from�1.0 volts to �0.2 volts (versus silver/silver chloride), methanogenesis was

reduced by 68% and acetic acid generation was reduced by 33%. This redox-potential-based control pre-

sents a new approach to arrest methanogenesis.

Temperature is another important factor impacting acid production. The population of microbes and rate

of hydrolysis are highly impacted by change in operational temperature (Zhou et al., 2018). Hao and Wang

(Hao and Wang, 2015) and Zhang, Chen, and Zhou (Zhang et al., 2009a) found increased hydrolysis rates

and carboxylic acid productions at thermophilic temperatures as compared with mesophilic conditions

due to high proportions of carbohydrate and protein in sludge. Jiang et al. (2013) and Komemoto et al.

(2009) found maximum acid yields from food waste at lower temperatures (35�C–45�C) demonstrating

low solubilization and high acidogenesis with a sharp decrease at high-temperature conditions (>55�C).
For both sludge and food waste, mesophilic temperatures favor acetic and propionic acid production,

whereas thermophilic temperatures favor butyrate production (Zhang et al., 2009a; Jiang et al., 2013). In

contrast, high yields were obtained by Huang et al. (2016) from AD utilizing swine manure with C2–C5 acids

as the dominant products. Therefore, temperature conditions impact the microbial population, leading to

selective acid formation depending on the type of waste.

HRT is an important operational parameter needed to determine the volume of the reactor used in the AD

process. Depending on the type of waste and hydrolysis rate, studies have shown high carboxylic acid

yields at long HRTs (Ben et al., 2011; Bengtsson et al., 2008; Sans et al., 1995). When using sludge as a feed-

stock, an HRT long enough to endorse hydrolysis and short enough to mitigate methanogen production is

ideal for acid production (Ferrer et al., 2010). In contrast, Xiong et al. (2012) and Miron et al. (2000) have

shown high yields at short HRT from sludge, with iso-valeric, acetic, and butyric as the dominant acids.

For vegetable waste, a long HRT helps to increase VS reduction, producing a high concentration of acids

(Bolaji and Dionisi, 2017). Similarly, for food waste, Lim et al. (2008) showed an increase in acid production

when HRT was increased from 4 to 8 days; however, no significant difference was observed when HRT was

further increased to 12 days due to acids being consumed by methanogens. Acetate and propionate were

mainly produced for all HRTs, whereas butyrate production reached amaximum at an HRT of 8 days. There-

fore, depending on the type of waste, the HRT should be fine-tuned to promote acidification and restrict

methanogen activity for distributed acid production.

Apart from pH, redox potential, temperature, and HRT, other factors, including organic loading rate (OLR),

substrate pretreatment, co-fermentation, and feeding pattern, also affect methanogen activity. The OLR—

or amount of waste fed daily to the digester—shows similar behavior to acid yields as HRT. Studies have

shown acid yields decrease with increasing OLR; however, its concentration increases linearly with OLR until

a certain optimum rate with drastic reductions with any further increase in OLR (Lim et al., 2008; Oktem et al.,

2006; Yu, 2001). In addition, the pretreatment of substrates (e.g., hydrothermal treatment or heat shock)

have been shown to increase acid yields from sludge and food waste (Shanableh and Jomaa, 2001; Shen

et al., 2016; Yin et al., 2014). Other types of pretreatment, such as acid, alkaline, biological, ozone, and ul-

trasound, have also been shown to increase the soluble content of COD by more than 25%, which helps to

improve hydrolysis by improving enzymatic accessibility of the substrate (Devlin et al., 2011; Doǧan and Sa-

nin, 2009; Kim et al., 2003, 2005; Cesaro and Belgiorno, 2013; Bougrier et al., 2006; Shahriari et al., 2012; Es-

kicioglu et al., 2008; Yang et al., 2010; Elbeshbishy et al., 2011; Cesaro et al., 2012; Sanders et al., 2000). Wu

et al. (2016) have shown an increase in acid production when co-fermenting food waste with excess sludge.
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Figure 3. Major Unit Operations for Carboxylic Acid Production
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The study shows that co-fermentation effectively enhances hydrolysis and acidogenesis yield by increasing

hydrolytic and acidogenic bacteria while inhibiting methanogens with self-maintaining pH at around 5.2 to

6.4. Nebot et al. (1995) compared different feeding patterns (continuous versus semi-continuous) and found

that production of acids sharply decreases with increase in feed frequency (per day at constant intervals),

suggesting a semi-continuous feeding pattern.

In addition to the individual effects of operational parameters, many studies have shown the combined ef-

fects to optimize carboxylic acids productions. For example, Jankowska et al. (2015) investigated the

impact of pH and HRT on acid production during mixed culture fermentation and showed that acid

concentrations were highest at long HRTs at alkaline conditions, whereas short HRTs were favorable at

an acidic environment. Acetate was the main acid except at an acidic environment and short HRTs where

propionate dominated.

Short-Chain Acid Recovery Methods

The separation or recovery of carboxylic acids drives the economics to sustainable and cost-effective

applications. Industrial separation of carboxylic acids such as lactate, acetate, and succinate from the

fermentation broth is typically expensive due to significant chemical and energy uses such as in neutral-

ization and physical separation. For instance, in the industrial production of citric acid, the downstream

recovery process accounts for 30%–40% of the production cost (Straathof, 2011; López-Garzón et al.,

2017). Acid extraction from the fermentation broth will need to be followed by selective acid recovery

from the mixture of short-chain carboxylic acids, increasing recovery costs. The solvent that may be

used in the pertractive membrane for the extraction of acids could be lost downstream due to ineffective

recovery of acids, which increases the separation cost. Also, an additional filtration step to remove ash

from the recycled solvent stream increases the overall cost. Moreover, membranes are proven to recover

long-chain acids (Outram and Zhang, 2018), so the short-chain carboxylic acids may have losses that in-

crease the cost of separation.

Some of the current and most effective recovery methods include liquid-liquid extraction, membrane

separation through electrodialysis, precipitation, distillation, adsorption through ion exchange, and

absorption. In addition, the separation of acids in batchmode through resin adsorption and solvent elution

are also well known. Other technologies based on extractant or sorbent auxiliary phase include an ion-
10 iScience 23, 101221, June 26, 2020
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exchange method that uses ionic liquids to extract acids with greater extraction efficiency (López-Garzón

et al., 2017; Reyhanitash et al., 2016; Zhao et al., 2005) and an in situ product recovery method that can be

coupled with other separation techniques such as liquid-liquid extraction to recover short- (C2–C4) andme-

dium-chain (C5–C6) carboxylic acids using a combined in situ product recovery/membrane technology

(Saboe et al., 2018). Moreover, several novel methods being researched also include membrane

separation through nanofiltration, reverse osmosis, membrane contractors, and pervaporation.

Liquid-liquid extraction is a well-establishedmethod that uses relative solubility to separate immiscible liq-

uids (Atasoy et al., 2018). Anionic solvents such as alcohols, ketones, or ethers are used to extract carboxylic

acids from the fermented broth (Strazzera et al., 2018; Singhania et al., 2013). High extraction efficiencies in

the range of 61%–98% have been observed by Alkaya et al. (2009) while using sugar-beet processing

wastes, although the pH of the solution might increase during extraction, making it difficult for recovery

if it is not controlled (Reyhanitash et al., 2016). A feasible and popular alternative is membrane separation

through electrodialysis where carboxylic acids are transferred from one solution to another through a

voltage difference between two electrodes with recovery efficiencies of up to 99% (Jones et al., 2015;

Huang et al., 2007). However, high costs of membranes, energy requirements, and fouling may limit its

application (Huang et al., 2007; Singhania et al., 2013).

Another widely acceptedmethod is precipitation of calcium lactate with calcium hydroxide to recover lactic

acid from the fermentation broth. Although common, this method requires large quantities of sulfuric acid

and lime and accounts for 50% of the production costs (Wasewar et al., 2003). Ammonia or alcohols have

also been utilized to recover carboxylic acids using a distillation process where the mixture is separated

based on a difference in volatility. Kumar et al. (2006) have shown the extraction of lactic acid through ester-

ification and hydrolysis in a reactive distillation-based process. However, research is still needed to lower

energy demand and capital costs for economic separation and recovery using distillation (Andersen et al.,

2015). Another prevelant method is adsorption where acids are recovered from the broth through physical

interaction with absorbents such as ion exchange resins (Rebecchi et al., 2016), with yields ranging from

76% to 85% (Atasoy et al., 2018). Although reliable, the regeneration of ion exchange resins and waste

stream disposal still needs consideration to make this method cost effective (Wasewar et al., 2004). Air

or gas stripping absorption, generally used to remove contaminants from wastewater, has also been

applied for acid recovery by Li et al. (2015) where a combination of nitrogen gas stripping with calcium car-

bonate slurry was used to recover C2 and C4 acids.

Other novel methods for carboxylic acid recovery include reverse osmosis and nanofiltration that basically

use semipermeable membranes to separate solute from the solvent based on size and pressure (Zhou

et al., 2013); however, the recovered acids are not concentrated (Zacharof and Lovitt, 2013). Studies

have shown retention rates up to 90% using nanofiltration membranes depending on the pH, temperature,

pressure, and solute concentration (Zacharof et al., 2016; Xiong et al., 2015). Aydin, Yesil, and Tugtas (Aydin

et al., 2018) recently investigated the recovery of carboxylic acids from landfill leachate and fermentation

broth of anaerobically digested organic waste using a permeation membrane contractor and found recov-

ery efficiency of greater than 86% and 95%, respectively. Another study showed the extraction of acids us-

ing a bioelectrochemcial system, such as microbial electrolysis cells that uses microorganisms attached to

electrodes to catalyze oxidation or reduction reactions (Cerrillo et al., 2016). Recently, pervaporation sep-

aration was investigated for selective reovery of acetic acid from the fermentation broth, but high operating

costs limit their application (Woo and Kim, 2019; Chen et al., 2013b).
ECONOMIC PERSPECTIVES

Economic Potentials of the Arrested AD Technology

Economic perspectives of acid productions provide insights and guidance for emerging R&D needs. The

economics of short-chain carboxylic acids are studied based on the range of estimated theoretical energy

yields (Figure 2), mass yields, and future market demand. The supporting technical assumptions pertaining

to product titer, yield, carboxylic acid separation efficiency, and COD reduction are described in Table 4.

Undoubtfully, improving the acid production from arrested AD unit operation is a key process metric to

improve overall process economics. Moreover, taking advantage of existing AD units could also bring eco-

nomic benefits. We consider these technical and economic assumptions in the Aspen Plus (AspenPlus,

2007) software-based techno-economic analysis (TEA) model and consider the change is operating param-

eters to improve the performance of the microorganism consortium through synthetic biology and genetic
iScience 23, 101221, June 26, 2020 11



Technical Parameters Sludge Food Waste Swine Manure FOG

COD reduction 55.50% 65% 55% 82%

Acid separation efficiency >99% >99% >99% >99%

Lactic acid titer (g/L) 29.3 200.4 42.6 110.5

Butyric acid titer (g/L) 18.8 121.0 23.8 76.6

Lactic acid yield (kg/dry ton) 326.7 598.7 428.6 864.7

Butyric acid yield (kg/dry ton) 209.1 340.6 238 602.8

Product titers (kg VS/m3/day) 4.2 4.2 4.2 4.2

Table 4. Technical Assumptions for Lactic and Butyric Acid Production from Wet Wastes

ll
OPEN ACCESS

iScience
Review
engineering to overcome technical challenges stated in the technical perspective section for targeting the

selective acid production. With regard to acid separation, an in situ product recovery unit during biological

conversion is capable of not only pulling reaction equivalents but also removing acids to improve product

final titers to minimize reactor sizes. For the current design, an in situ pertractive unit continuously extracts

the acids across a membrane using a solvent such as tri-octyl-phosphine oxide (TOPO) (Saboe et al., 2018).

Although membrane separation technology has been widely accepted in the industrial applications, there

are still concerns related to fouling of the membrane, type of membrane (e.g., zeolite vs. polymer) utilized

for selective acid separation, and loss of solvent during acid recovery process (Singhania et al., 2013; Huang

et al., 2007). This may have significant impacts on the process efficiency. There are methods utilized for

improving the anti-fouling properties of membranes, which includes pretreatment technologies to remove

any undesirable products or chemicals leading to fouling, scheduled cleaning, and changing membrane

properties depending on the acid properties (hydrophobic versus hydrophilic) (Abdelrasoul et al., 2013).

For the issue related to solvent loss, the cost of additional vacuum distillation unit operation is considered

to prevent dimerization and degradation of the TOPO carrier molecule as well as reduce the boiling point

to improve the energy efficiency of the integrated plant. See Supplemental Information section Supple-

mental Carboxylic Acid Recovery Methods using TOPO for detailed description of the process.

As illustrative examples, lactic acid and butyric acid are selected for this economic study. It should be noted

that although arrested methanogenesis would usually yield a mixture of carboxylic acids in the fermenta-

tion broth without specifically targeting high value acids, we select lactic and butyric acids as the sole acid

product based on the market demand and cost of acid on a mass and energy basis. The LHV of lactic acid is

estimated to be 11.72 MMBtu/ton (AspenPlus, 2007), whereas its current market selling price is $1.30–

$2.30/kg in 2011$ (Higson, 2011; Biddy et al., 2016), equivalent to $1.40–$2.40/kg in 2016$ ($109.00–

$186.00/MMBtu) using the Inorganic Chemical Index (SRI Consulting, 2008). On the contrary, the LHV of

butyric acid is estimated to be higher than lactic acid at 19.8 MMBtu/ton (AspenPlus, 2007), whereas its cur-

rent market selling price has a similar range from $1.80 (2013$) to $2.40 (2015$)/kg (Thongchul, 2015; Calt,

2015), equivalent to $1.80–$2.40/kg in 2016$ ($83.00–$110.00/MMBtu).

Table 5 summarizes the capital and operating costs associated with the production of carboxylic acids (lac-

tic and butyric acids) along with key parameters used to perform TEA for this process pathway. As shown in

the table, the two major unit operations contributing the most to the total installed capital cost estimates

are anaerobic digester system (50%–70%) and carboxylic acid separation technology (15%–30%), depend-

ing on the type of waste.

Combining arrested AD with an in situ pertractive separation unit, Figure 4 presents the minimum selling

price of the two acids from four waste feedstocks. At a scale higher than 10 million gallons per day (MGD)

for wastewater sludge or other wastes of 10–50 wet tons/day, the waste to lactic acid production is cost

competitive with production from fossil-based processes. Although the cost estimates for butyric acid

are higher than lactic acid, it is still competitive to market price at a scale of 15 MGD for wastewater sludge

and 10–140 wet tons/day for other wet wastes. The higher costs of butyrate in $/kg as compared with

lactate is because the butyrate pathway produces more CO2 than lactate, which reduces the overall

biomass conversion yield to the targeted acids. Also, butyrate has low oxygen to carbon ratio, which

also impacts its mass yield.
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Parameter Wastewater Sludge Food Waste Swine Manure Fat, Oil, and Grease

Product Lactic Acid Butyric Acid Lactic Acid Butyric Acid Lactic Acid Butyric Acid Lactic Acid Butyric Acid

Plant scale (wet tons/day, unless noted) 300 million gallons/day 250

220 200

Discount rate 10%

Cost year 2016

Plant economic years 30

Installed Capital Costs (million$)

Feedstock handling 0.3 0.3 0.04 0.04 0.04 0.04 0.04 0.04

Anaerobic digester 35.7 32.9 11.1 10.6 3.97 3.79 5.27 5.0

Acid separation 15.3 14.7 1.96 1.6 1.23 1.19 1.39 1.3

Storage 0.2 0.1 0.02 0.01 0.01 0.01 0.1 0.01

Utilities 0.4 0.3 0.2 0.15 0.04 0.04 0.1 0.1

Total capital costs 51.9 50.0 13.3 12.5 5.3 5.1 6.8 6.5

Direct and indirect costs 16.4 13.3 4.2 3.9 1.6 1.6 2.2 2.0

Total capital investment 68.3 63.3 17.5 16.4 6.9 6.7 9.0 8.5

Annualized Operating Costs (million$/year)

Variable operating costs 1.64 1.18 0.51 0.3 0.1 0.06 0.27 0.2

Fixed operating costs 6.92 6.71 1.63 1.58 1.09 1.08 1.12 1.1

Total operating costs 8.57 7.89 2.14 1.88 1.19 1.14 1.39 1.3

Table 5. Techno-economic Parameters Associated with Lactic and Butyric Acid Production from Wet Wastes
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In addition, some of the wet waste feedstocks are currently available for negligible or even negative prices

(depending on the type of waste and location), as facilities such as animal feeding operations or WWT plants

need to pay some amount in the form of tipping fees to dispose the waste. The average tipping fees in the

United States for 2018 were $55.22/ton as compared with $51.82/ton in 2017, a 7% increase over one year

(Waste360, 2018). Once the value of these wastes becomes apparent, the demand and its corresponding

cost would upsurge with increasing technology readiness as more WTE operations would compete for them.

Moreover, biogas has a possibility to leak if mishandled, diminishing the overall positive impacts.

Wet wastes are geographically distributed with a wide range of compositional and temporal variability.

Although distributed in areas with high population density for maximum market opportunities (except

for manure), there are often challenges that restrict technologies to one family of feedstocks when consid-

ering stringent handling regulations. The distributed nature of wet wastes as opposed to fossil-based feed-

stocks requires a decentralized approach and tailored production strategies. With carboxylic acid

production from wet waste via arrested AD still in its nascent stage, mass production could help reduce

costs and increase production volumes by more than three times (18% versus 6%) compared with central-

ized facilities by applying technical expertise (Daugaard et al., 2015). Moreover, our analysis shows lactic

and butyric acid production costs to be competitive at lower plant scales, making distributed conversion

more appealing than traditional methods. However, choosing a centralized system could help economize

costs with high-quality products. Thus, there are factors for favorable strategies that determine the eco-

nomics and should be carefully considered before making a final decision.

In all, the costs of acids from swine manure are lower as compared with other wastes, whereas food waste

and FOG show the highest economic potential for lactic and butyric acid production. The production of

these acids from wastewater sludge and swine manure needs to attain high yields on a mass basis before

it can compete with market prices at lower plant scales. Our analysis does not consider any feedstock costs

in the TEA for production of carboxylic acids. However, it is important to note that the production cost of
iScience 23, 101221, June 26, 2020 13
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Figure 4. Lactic and Butyric Acid Production Costs in Comparison with Current Market Selling Price

(A–D) show the carboxylic acid production costs in $/kg for AD processing wastewater sludge, food waste, swine manure,

and FOG, respectively, for corresponding plant scales.
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acids could be further reduced by incorporating negative feedstock costs (where applicable, depending on

the type of waste and location), usually incurred by the facilities (e.g., WWT plants) in terms of tipping fees.

Therefore, this study shows that waste to acids could provide an economical alternative, with options of

retrofitting existing AD facilities. We conclude that converting waste to short-chain carboxylic acids could

be cost competitive with acids from chemical markets.

Potential Uses of Acids Produced from Wastes

Carboxylic acids can be used in a variety of applications including biological nutrient removal, polyhydroxyalka-

noate (PHA), renewableplastics (suchaspolylactic acid (PLA)), chemicalor chemicalprecursors, andbioenergypro-

duction (Atasoy et al., 2018; Lee et al., 2014).

Carboxylic acids can be used in the production of PHAs, which are biodegradable polyesters synthesized

by different types of microorganisms and stored in microbial cells as carbon and energy storage materials

(Li et al., 2016; Raza et al., 2018; Khanna and Srivastava, 2005). The main acids responsible for PHA produc-

tion include acetate, butyrate, and lactate (Colombo et al., 2016; Agler et al., 2011). They can also be uti-

lized as a feed for biofuel production or used in production of a variety of chemicals such as acrylate and

propene (Chen, 2009; Gao et al., 2011; Spekreijse et al., 2012; Zhang et al., 2009b). PHAs can be accumu-

lated in the range of 40%–77% from different types of feed including sludge (Jiang et al., 2009) and food

waste (Reddy et al., 2012). Bengtsson et al. (2017) conducted a pilot-scale experiment to remove carbon

and nitrogen from wastewater and observed a 49% accumulation of PHA from volatile suspended solids

with acetate and other organic residues as a substrate. Korkakaki, van Loosdrecht, and Kleerebezem (Kor-

kakaki et al., 2016) increased the PHA storage capacity from 48 to 70 wt% by introducing a sedimentation

step to selectively force carbon in the substrate for PHA accumulation in contrast to microbial growth. See

Supplemental Information section Supplemental Uses of Carboxylic Acids.

Lactic acid is typically produced by fermentation or by chemical synthesis. A fermentation process converts

carbohydrates—such as glucose and sucrose—to lactate using Lactobacillus microorganisms. Chemical

synthesis uses acetaldehyde and hydrogen cyanide and the hydrolysis of lactonitrile with sulfuric acid to

lactic acid and ammonium sulfate. About 77% of lactate is consumed to make PLA, 19% is applied for
14 iScience 23, 101221, June 26, 2020



Figure 5. Summary of Wet Waste Usage to Meet the Global Short-chain Acids Demand (2020)

The mass yield of carboxylic acids from all animal waste is assumed to be similar to swine manure.
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food and beverages, whereas the remaining is used for industrial applications, pharmaceuticals, and per-

sonal care products. The global production of lactic acid was estimated to be over 0.3 million tons in 2013,

and its demand is expected to reach around 2 million tons by 2020 (Biddy et al., 2016; Innorex). Although

the global PLA capacity is expected to exceed 800,000 tons by 2020, its demand is expected to rise at a

much higher rate to 1.2 million tons in 2020. This robust growth in the PLA market would enable the use

of unconventional feedstocks and exploration of alternative pathways to meet the market demand.

Butyric acid is typically produced by oxidation of butyraldehyde derived from oxosynthesis of propylene

obtained from crude oil (Baroi et al., 2017; Thongchul, 2015). The primary application of butyric acid is

mainly in plastic production (Cao et al., 2011), with its derivatives being used in food, chemical, and phar-

maceutical production (Baroi et al., 2017; Thongchul, 2015). It has also been utilized in animal feed to

replace antibiotics. The global production of butyric acid was 88,000 tons annually in 2013 with the United

States alone producing 39,000 tons. The demand is expected to rise to 105,000 tons in 2020 at a compound

annual growth rate of 15.1% (Atasoy et al., 2018).

The wet waste in the United States has the capacity to meet and surpass the global demand of acids, pro-

vided all the available waste is diverted to produce these promising acids. Figure 5 shows the amount of

wet waste required for meeting the global demand of acetic, propionic, lactic, and butyric acids in 2020

(Atasoy et al., 2018).

All the wet wastes have enough inherent energy to meet the global demand, with an additional 17.9 million

tons available for use in acid derivative markets or fuel production. The demand for acetic acid is highest

followed by lactic acid, propionic acid, and butyric acid. The demand for lactic acid is 18-fold as compared

with butyric acid, whose main market is fast-growing PLA. As most of the lactic acid is used for PLA produc-

tion, the excess production potential could positively disrupt the global PLA demand beyond the

predicted values. This allows its market to expand and potentially drive down prices, considering its

high potential to replace polyethylene terephthalate, which has a large demand worldwide. Alternatively,

the demand for other acids will continue to rise, potentially requiring alternative ways to produce the sup-

ply without disrupting the market economy.

CONCLUSIONS AND OUTLOOK

Increasing waste around the world and dependency on fossil fuels have created the need for developing

alternative approaches such as WTE that lead to more environmentally friendly and economically attractive

alternative energy sources. Conventional methods to produce biogas from wastes are well-known

commercialized processes implemented all over the world. However, with issues related to GHG emissions

from fossil-based feedstocks, research efforts are driving toward the production of high-value products

such as carboxylic acids through an arrested AD process. This study presents the potentials of acid produc-

tion through an arrested AD process on both technical and economic aspects. One key finding from this

study is that arrested AD, as alternative WTE strategy, can sustain energy efficiently from waste feedstocks

as compared with CH4. This study provides insights on current technology development, process chal-

lenges, applications, and economics for producing high-value chemicals such as short-chain carboxylic
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acids from wet wastes. Although the optimum set of operating parameters for acid production and its sep-

aration from the fermentation broth continues to be a challenge, the high energy potential and competitive

cost makes it a strong contender for AD technology. Our economic analysis shows that at larger plant

scales (>15 MGD or >140 wet tons per day), an arrested AD process could produce acids that could

beat the current market selling price, providing a potentially viable pathway to meet the future demand

of acids by switching to eco-friendly wastes. Although the costs of lactate and butyrate are competitive

with market prices, there are still challenges to be addressed technically on improving arrested AD tech-

nology and cost-effective, low-capital, and energy-intensive separation technologies to increase economic

attractiveness. Last, the wet waste in the United States has the capacity to meet and surpass the global

demand of acids, provided all the available waste is diverted to produce these promising acids. The

acid existing market capacity can be saturated by converting 65% of wastes, with an additional 17.9 million

tons available for use in acid derivativemarkets or fuel production. This research aims to help theWTE com-

munity broaden their perspective beyond conventional AD with the potential to direct future research and

development. For the next steps, we plan to integrate the carboxylic acid upgrading technologies using

arrested methanogenesis as the core conversion step linking with downstream separation and purification

strategies. This will be achieved through detailed research and development in the area of conversion of

carboxylic acids to hydrocarbon fuels and chemicals that will help us understand the process technology

and techno-economic advances over chemical markets or reach the projected cost targets to compete

with gasoline and diesel.

Limitations of the Study

Although this study demonstrates that the cost of producing lactic and butyric acid is cost competitive to

chemical markets, these results are based on technical and economic assumptions in TEA and would need

to be revisited based on new experimental data and refined cost estimates. Moreover, an arrested AD tech-

nology would usually produce a mixed slate of carboxylic acid products unlike pure acids assumed in this

study, which may have additional cost implications based on acid separation efficiency and technology uti-

lized. Moreover, the fundamental limitation associated with sensitivity of industries to use carboxylic acids

produced from wet waste, especially in the pharmaceutical sector, may hinder faster adoption of this tech-

nology. However, this may be overcome through pilot- and demonstration-scale facilities showing high

productivities and purity levels required by industries.
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Transparent Methods 

Supplemental Wet Waste Feedstocks: The Untapped Potential 
(Related to Introduction section) 
Wet wastes often include wastewater sludge, food waste, animal waste, and fats, oils, and greases (FOG) 

(BETO, 2017). Recent studies have analyzed the energy potential of these wastes and demonstrated 

tremendous potential when converted to fuels and chemicals as opposed to landfilling. Based on a series 

of billion-ton studies focusing on strategic assessment of potential biomass availability, the U.S. Department 

of Energy estimates approximately 50 million dry tons of combined wet organic waste streams in the United 

States are available every year for conversion to biofuels, bioproducts, or biopower, which represent an 

untapped energy potential of nearly 0.7 quadrillion British thermal units (Btu) (BETO, 2017).  

The decrease in landfill capacity and stringent disposal regulations have resulted in novel waste 

management solutions for wet wastes around the world. These wastes are generated from different sectors, 

but all contain high-energy organic matter. Wastewater sludge describes the solid, semi-solid, or liquid 

residue generated during wastewater treatment (WWT) in a water resource recovery facility (ECFR, 2018, 

Seiple et al., 2017). Publicly owned treatment facilities in the United States and China process 29.6 and 

19.3 billion gallons of municipal wastewater per day, respectively, and accordingly an estimated 7.2 and 

3.3 million dry tons of sewage sludge per year are produced (Wichelns et al., 2015). In addition, Europe 

produces 10 million dry tons of sewage sludge every year (Milieu Ltd; WRc, 2008). The combined biosolids 

or sludge production from the United States, Europe, and Asia is estimated to be 25–60 million dry tons per 

year (Zhang et al., 2018).   

Food waste is a biodegradable feedstock with a large organic fraction consisting of food waste created 

before or after meal preparation, after consumption, and discarded in the process of manufacturing, 

distribution, retail, and food services. Nearly one-third of the total food production for human consumption 

is wasted worldwide, accounting for 1.4 billion tons each year (Food and Agriculture Organization of the 

United Nations). The annual food waste generation from the European Union is estimated to range from 97 

to 99 million tons (Fusions, 2016, Pfaltzgraff et al., 2013), whereas in the United States, it is estimated to 

be the second largest component (38.4 million tons) of the municipal solid waste generated (EPA, 2016). 

Animal waste is another major source of wet waste. Meat production is a rapidly growing industry, especially 

in Asia, and the total number of pigs in the world has risen to 769.2 million (Statista, 2018, USDA, 2015). 

Average daily pig waste or manure production is estimated to be 4.67 kilograms (kg) per day per animal, 

leading to 1.4 billion tons of manure production annually worldwide (ASABE, 2005). Moreover, domestic 

and commercial food-producing industries generate large quantities of FOG, which are all structurally lipids 

and are mainly categorized by three elements: inedible animal fats, brown grease (rendered trap grease), 

and yellow grease (rendered used cooking oil). FOG has a high energy content making it an important 

feedstock for energy production (Suto et al., 2006, Long et al., 2012, Muller et al., 2010, Kabouris et al., 

2009). Figure 1 shows the distribution of waste in the United States along with individual energy potential 

in gallons gasoline equivalent (GGE), resulting in an annual energy resource of 11.3 billion GGE (Skaggs 

et al., 2018). 



Supplemental Issues Pertaining to Biogas Production (Related 
to Biogas or Carboxylic Acids: What is the Valorization 
Pathway? section) 
If the biogas from AD process is not handled effectively, the emission of CH4 in the atmosphere could be 

hazardous and penalized heavily for GHG emissions. Also, the overall positive impact of AD in terms of 

GHG emissions would be diminished if only a small percent of gas is emitted as the global warming 

potential of CH4 is 23 times of CO2 (Kleerebezem et al., 2015). Moreover, the availability of natural gas in 

abundance have pushed its prices to all time low which makes it an easier choice for customers to 

purchase cheap fossil-based fuel as compared to biogas produced from renewable sources. In addition, 

biogas contains a lot of impurities and requires further refining before applications, which increases 

production costs. Plus, obtaining air permit has been another major barrier due to air and greenhouse gas 

regulations.  

Supplemental Carboxylic Acid Recovery Methods using TOPO 
(Related to Economic Perspectives section) 
A cost-effective method is a pertractive unit that continuously extracts the acids by pulling them across a 

membrane with the assistance of a solvent such as tri-octyl-phosphine oxide (TOPO). This reduces the 

swing in pH that could happen with producing acids at higher titers. The acids-enriched solvent then is 

recovered via a distillation column with a targeted 100% acid recovery and 100% solvent recovery (Saboe 

et al., 2018). It should be noted that if the TOPO solvent does have losses this could add significant 

operating expenses to the process (Saboe et al., 2018). In situ product removal occurs continuously with 

AD operation. Thus, acid is produced and simultaneously removed using a liquid-liquid membrane 

extraction system (membrane pertraction) connected through a pump-around loop. The pertractive in situ 

product removal system relies on a TOPO assisted organic phase to selectively remove acid from the broth 

across a membrane. Short to medium chain acids show relatively low partitioning to the organic phase due 

to their significant polarity. After extraction to the organic phase, a vacuum is pulled on the mixture and it is 

routed to distillation for acid purification. The vacuum distillation is critical to prevent dimerization and 

degradation of the TOPO carrier molecule as well as reduce the boiling point improving the energy 

efficiency of the integrated plant. The acid is recovered in high purity from the distillate while the mineral oil 

and TOPO exits from the bottom and is recycled back to a storage tank for reuse in the pertractive unit.  

Supplemental Uses of Carboxylic Acids (Related to Economic 
Perspectives section) 
Acetic acid (AA) is used mainly for production of polymers, dyes, and chemicals, or as food additives (Maitlis 

et al., 1996, Qian et al., 2016, Bhatia and Yang, 2017). Butyric acid (BA) is used as an intermediate product 

to produce other chemicals or as a solvent (Li et al., 2002, Xu and Jiang, 2011, Zigová and Šturdík, 2000), 

while propionic acid (PA) is mainly used in pharmaceutical products or as a food additive (Zacharof and 

Lovitt, 2013, Kirillov et al., 2015, Cheryan, 2009). Lactic acid (LA) is most often sold as an 88% solution 

and its important end uses include lactides (the starting material for polylactic acid and other biodegradable 

bioplastics), lactate salts, lactate esters and lactylates (IHS Chemical, 2014, Werpy et al., 2004) for 

applications in food, pharmaceuticals, personal care products, industrial uses, and biodegradable polymers. 

Similar to PA, butyric acid (BA) has applications in food (Jha et al., 2014) and pharmaceutical industry 

(Entin-Meer et al., 2005) along with use as a fragrance in the perfume industry in the form of esters 



(Armstrong and Yamazaki, 1986); while traditional applications of succinic acid (SA) includes food additives, 

detergent, cosmetics, pigments, cement additives, and pharmaceutical intermediates (Nghiem et al., 2017).   

Carboxylic acids can also be used as carbon source and electron donor for biological removal of nutrients 

from wastewater (Zheng et al., 2010, Lim et al., 2000, Wang et al., 2015); production of biodiesel (Fontanille 

et al., 2012); generation of electricity by microbial fuel cells (Choi et al., 2011, Chen et al., 2013b); synthesis 

of biosurfactants, bioflocculants, or polyhydroxyalkanoates (PHAs) (Li et al., 2011, Chen et al., 2013a, 

Mengmeng et al., 2009); and synthesis of value-added chemicals such as ethanol (Ma et al., 2014, Uçkun 

Kiran and Liu, 2015) or yeast flavor (Mantzouridou et al., 2015). Literature have also shown carboxylates—

acetate and butyrate, in particular—as a feedstock to produce H2 via photo-fermentation (Srikanth et al., 

2009). 

Commercial chemicals such as methanol are used as a carbon source to biologically remove nitrogen from 

wastewater. However, studies have shown carboxylic acids to be an economical alternative source of 

carbon for denitrification and a phosphorous removal process that has a high removal rate and efficiency 

(Zhang et al., 2016a, Zhang et al., 2016b, Liu et al., 2016b, Liu et al., 2016a, Kim et al., 2016). Lim et al. 

(Lim et al., 2000) showed removal efficiency of 92% for nitrogen and phosphorous with acids obtained from 

food waste. Tong and Chen (Tong and Chen, 2009) have also reported 83% and 93% of nitrogen and 

phosphorous removal efficiencies, respectively, using acids produced from waste activated sludge. Such 

on-site use of carboxylic acids to replace commercial methanol can greatly reduce operating cost in WWT 

plants.  

In addition, short-chain carboxylic acids are desired substrates in microbial electrochemical systems, which 

is a platform technology to generate direct electricity in microbial fuel cells (Wang and Ren, 2013), high-

yield H2 in microbial electrolysis cells (Lu and Ren, 2016), and even CO2 reduction and biodiesel production 

in microbial electrosynthesis (Jiang et al., 2019). Studies have shown higher coulombic efficiency and 

power density from carboxylic acid-fed microbial fuel cells compared to other substrates such as sugars, 

proteins, or wastewaters (Chae et al., 2009, Freguia et al., 2010, Teng et al., 2010). Moreover, acids can 

be used to produce H2, which is also a byproduct formed during the fermentation process. 

Photofermentation is one of the methods where light is penetrated through the fermented waste to convert 

acids—where acetate and propionate are favored in particular to H2 (Uyar et al., 2009, Zong et al., 2009). 

Another method is electrohydrolysis, where electrons from direct current and protons from acid 

electrohydrolysis combine to produce H2 (Lee et al., 2014, Tuna et al., 2009, Vijayaraghavan and Sagar, 

2010). Recent studies have shown waste-derived acids to be an environmentally friendly source to produce 

microbial lipids that have similar fatty acid composition to soybean and jatropha oil, which can be used for 

biodiesel production (Fei et al., 2011, Chi et al., 2011, Liu et al., 2017, Huang et al., 2018, Fontanille et al., 

2012). Fei et al. (Fei et al., 2011) examined the acids for lipid accumulation and found that the highest lipid 

content of 27.8% was achieved at 25°C and pH of 6 with high acetic acid concentrations. Similarly, Liu et 

al. (Liu et al., 2017) show more lipid production from carboxylic acids with high concentrations of acetic acid 

though it favors alkaline pH, which is best suited for lipid accumulation.  
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