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Abstract

This review highlights the potential of Yarrowia lipolytica and other yeasts as sustainable producers of bio-based succinic acid (SA), a
key platform chemical with applications in bioplastics, solvents, and pharmaceuticals. Recent advances in metabolic engineering have
substantially improved SA titers, yields, and productivities in yeasts. These improvements were achieved by reconstructing biosyn-
thetic pathways, disrupting gene involved in side-metabolism and/or expressing heterologous genes involved in critical metabolic
functions. The use of renewable feedstocks, including crude glycerol, agricultural residues, food waste hydrolysates, and industrial
by-products, has shown promise in reducing both production costs and environmental impacts. Innovative downstream separation
techniques, such as in situ extraction, membrane filtration, and crystallization, further contribute to process sustainability. Integrat-
ing yeast-based SA production into circular biorefineries and adopting continuous production systems are promising strategies for
enhancing economic feasibility and minimizing ecological footprints. Although challenges related to scale-up and process integra-
tion persist, ongoing advancements in genetic engineering and bioprocessing technologies position yeast-based processes as a viable

route for sustainable, large-scale bio-based SA production within a circular bioeconomy framework.
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Introduction

Succinic acid (SA) is a four-carbon dicarboxylic acid of consid-
erable industrial significance, classified as a C4 platform chem-
ical. Global production of SA currently reaches 50,000 tonnes an-
nually, with approximately 20% derived from bio-based sources
(Spekreijse et al. 2021). The market is projected to grow to $515.8
million by 2030. Since 2004, SA has been classified as one of the
top 12 bio-based platform chemicals by the U.S. Department of
Energy due to its strategic importance in the future chemical in-
dustry (Werpy and Petersen 2004). SA versatility lies in its role as
a chemical building block for the synthesis of value-added com-
pounds including adipic acid, 1,4-butanediol, tetrahydrofuran, N-
methylpyrrolidone, 2-pyrrolidone, and y-butyrolactone (Yang et
al. 2024). Additionally, SA is used in the manufacture of plas-
ticizers, lubricants, food additives, green solvents, pharmaceu-
ticals, and bioplastics (Spekreijse et al. 2021, Gyan et al. 2024).
One of the most prominent applications is the synthesis of
poly(butylene succinate) (PBS), a biodegradable polymer produced
via the copolymerization of SA with 1,4-butanediol (Barletta et al.
2022).

SA can be produced either through the chemical conversion
of maleic anhydride (chemical-based route) or by microbial pro-
cesses (bio-based route) (Saxena et al. 2017). The chemical pro-
cess relies heavily on fossil-based feedstocks and contributes sig-
nificantly to environmental impacts. Although bio-based SA can
offset climate change by saving 4.5 to 5 tonnes of carbon diox-
ide per tonne of SA compared to the chemical-based route, it
currently competes with food production, as its synthesis re-
lies on corn-based glucose syrup and requires extensive land
and water use (Song et al. 2014, Mancini et al. 2022). Further-
more, the cost of bio-based SA remains higher than its chemical-
based counterpart (€2.61/kg vs. €2.25/kg; Spekreijse et al. 2021),
mainly due to the expensive downstream separation and purifi-
cation processes (DSP) (Kurzrock and Weuster-Botz 2010). To im-
prove economic feasibility and sustainability, alternative produc-
tion strategies have been explored. These include the use of low-
cost renewable carbon sources or agro-industrial side streams,
and optimization of both microbial cell factories and process pa-
rameters (Kumar et al. 2024, Lin et al. 2024). For instance, the
use of crude hydrolysates from agricultural residues can reduce
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production costs to $1.6-1.9/kg (Dickson et al. 2021). Additional
cost reductions may be achieved by developing integrated biore-
fineries that co-produce SA alongside other high-value com-
pounds (e.g. phenolic extract) (Ioannidou et al. 2022).

At present, microbial production of SA is mainly based on bac-
teria or yeast species. Numerous wild-type and engineered bac-
terial strains have been considered for SA production, with some
Escherichia coli engineered strains achieving among the highest SA
production titers (Vemuri et al. 2002; Wang et al. 2018; Zhu et al.
2020). Bacteria mainly produce SA by CO, fixation under anaer-
obic conditions, with high titer, yield and productivity (Li et al.
2013, Kumar et al. 2024, Lin et al. 2024). However, the production
of SA using bacterial strains faces significant challenges, as most
require a neutral pH for optimal growth. Under these conditions,
the primary product is succinate, necessitating a costly and com-
plex purification process to convert it into SA. Compared to bac-
teria, yeasts exhibit greater resistance to acidity, permitting the
generation of SA under low pH conditions (below 4.2), greatly sim-
plifying downstream processing, minimizes the need for pH con-
trol and the contamination risks, key benefits for industrial-scale
applications (Ma et al. 2020, Li et al. 2021). Yeasts also have lim-
itations, including predominantly lack of CO, fixation, and lower
productivities compared to bacterial systems. However, advances
in genetic engineering and metabolic pathway optimization have
allowed yeasts, such as Yarrowia lipolytica, to achieve SA titers sim-
ilar to those of bacterial strains (Table 1). Moreover, some studies
using Saccharomyces cerevisiae have efficiently produced SA under
fermentation where air inlet is enriched with CO, (Yan et al. 2014,
Malubhoy et al. 2022).

In addition, yeasts are capable of catabolizing a broad range of
substrates, with Y. lipolytica particularly adept at utilizing both hy-
drophilic and hydrophobic carbon sources, including sugars, lig-
nocellulosic hydrolysates, fatty acids, lipids, waste oils, crude glyc-
erol, and acetate, low-cost, renewable feedstocks, the use of which
enhance the economic feasibility and sustainability of SA produc-
tion (Ma et al. 2020).

In recent years, several reviews have been published on vari-
ous aspects of SA production, including general reviews (Li et al.
2021, Kumar et al. 2024) as well as more specific ones that fo-
cus on Y. lipolytica as a SA producer (Sun et al. 2025a), the utili-
sation of various renewable carbon sources and metabolic engi-
neering approaches (Narisetty et al. 2022a, Jiang et al. 2017, Dai
et al. 2020, Mitrea et al. 2024), downstream separation schemes
(Dai et al. 2020, Kumar et al. 2020a; Kumar et al. 2024) and meth-
ods for enhanced CO, fixation (Lin et al. 2024). The present re-
view provides a comprehensive and up-to-date overview thatinte-
grates all key areas of SA production research using yeast strains,
from strain metabolic engineering advances to techno-economic
analysis, and life cycle assessment. We focus on Y. lipolytica as a
promising cell factory for SA production. We compare metabolic
engineering strategies, SA titer, productivity, and yield achieved in
Y. lipolytica with those reported for other yeast strains (S. cerevisiae
and Issatchenkia orientalis) and for E. coli. We also discuss the ability
of yeasts to utilize crude hydrolysates, advances in downstream
processing, and the integration of SA production into biorefineries.
Finally, we present an environmental and economic sustainability
assessment of yeast-based SA production.

Succinic acid and metabolic pathways

In cells, SA predominantly exists in its dissociated form, succi-
nate, due to the nearly neutral pH of the mitochondrial matrix
(Porcelli et al. 2005) and its pKa values (4.16 and 5.61). Therefore,

in this review, the term succinate will be used when considering
biochemical pathways, while SA will be used in all other contexts
(i.e.in DSP) for consistency. Depending on the microorganism and
culture conditions, succinate can be synthesized through differ-
ent metabolic pathways. It is an intermediate of the oxidative tri-
carboxylic acid (0TCA) cycle, which takes place in the mitochon-
drial matrix of eukaryotes and the cytoplasm of prokaryotes. The
oTCA cycle operates primarily under aerobic conditions and in the
presence of carbon sources such as glucose or glycerol, with the
main function of generating NADH, FADH,, and GTP from acetyl-
CoA (Figure 1). In this cycle, succinate is formed from succinyl-
CoA by succinyl-CoA synthetase (Scs) and is subsequently oxi-
dized to fumarate by the succinate dehydrogenase (SDH) com-
plex, composed of five subunits (Sdh1-5), which transfers elec-
trons to ubiquinone (coenzyme Q) in the electron transport chain.
Although Sdh5 is not essential for the assembly of the Sdh1-Sdh4
subunits, it plays a crucial role in the flavination (i.e. covalent FAD
attachment) of the Sdh1 (Hao et al. 2009, Gao et al. 2016).

Succinate can also be generated from isocitrate via the glyoxy-
late cycle, which bypasses the two decarboxylation steps of the
oTCA cycle. This pathway involves two specific enzymes: isoci-
trate lyase (Icl), which cleaves isocitrate into glyoxylate and suc-
cinate, and malate synthase (Mls), which condenses glyoxylate
with acetyl-CoA to form malate (Figure 1). In yeasts, the glyoxy-
late pathway occurs in the peroxisome and is active during growth
on non-fermentable carbon sources such as acetate or fatty acids,
facilitating gluconeogenesis.

The third pathway for succinate production is the reductive
TCA (rTCA) cycle, which operates in reverse to the oTCA cycle.
This CO,-fixing pathway enables the regeneration of NAD* and
FAD cofactors under anaerobic conditions (Hugler et al. 2005). CO,
is fixed with a-ketoglutarate to form isocitrate, which is then con-
verted into succinate through several intermediates (Figure 1).
The rTCA cycle can also be supplied with oxaloacetate gener-
ated from pyruvate or phosphoenolpyruvate (PEP) via pyruvate
carboxylase (Pyc) and PEP carboxykinase (Pck), respectively. Ad-
ditionally, malate can be synthesized from pyruvate via malic en-
zyme and subsequently enters the rTCA cycle. As a carbon fixa-
tion route, the rTCA cycle offers the highest theoretical yield of
succinate; however, its efficiency is often limited by intracellu-
lar NADH depletion under anaerobic conditions. In E. coli, succi-
nate is synthesized under anaerobic conditions as an end-product
through the rTCA cycle (Zhu et al. 2014, Zheng et al. 2021). Un-
der these conditions, succinate is derived from oxaloacetate but
cannot be further converted into succinyl-CoA since the reaction
is thermodynamically unfavorable (Birney et al. 1996, Thakker et
al. 2012). Although yeasts can also synthesize succinate via the
rTCA pathway under anaerobic conditions, the efficiency is low
due to the thermodynamic constraints of converting oxaloacetate
into succinate and because the relevant enzymes are subject to
glucose repression (Raab and Lang 2011). Additionally, redox im-
balance further limits succinate biosynthesis from glucose under
anaerobic conditions (Cui et al. 2023).

Efficient succinate production via the rTCA cycle has been
achieved in engineered E. coli strains such as AFP111/pTrc99A-pyc,
using a two-phase fermentation process comprising an aerobic
growth stage followed by an anaerobic production phase (Vemuri
et al. 2002, Table 1). In yeasts, implementing similar strategies is
more complex due to the difficulty of balancing oxidative and re-
ductive metabolism (Franco-Duarte et al. 2017). Nevertheless, sev-
eral studies have reported successful engineering of the rTCA cy-
cle in yeast for succinate production (Xiao et al. 2014, Yan et al.
2014, Cui et al. 2023, see below for details).
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Figure 1. Metabolic pathways for carbon assimilation and SA biosynthesis in yeasts. Oxidative TCA cycle (blue arrows); (2) reductive TCA cycle (purple
arrows, partly shown); (3) glyoxylate cycle (red arrows). Ach, acetyl-CoA hydrolase; Acs, acetyl-CoA synthase; Acon, aconitase; Adh, alcohol
dehydrogenases; Ald, aldehyde dehydrogenase; «-KG, a-ketoglutarate; Cs, citrate synthase; DHAP, dihydroxyacetone phosphate; DHA,
dihydroxyacetone; Dak, dihydroxyacetone kinase; Fum, fumarase; Frd, fumarate reductase; GAP, glyceraldehyde 3-phosphate; Gpd,
glycerol-3-phosphate dehydrogenase; Gdh, glycerol dehydrogenase; Gk, glycerol kinase; Hxk1, hexokinase 1; Icl, isocitrate lyase; Idh, isocitrate
dehydrogenase; Kgdh, a-ketoglutarate dehydrogenase; Mdh, malate dehydrogenase; Mae, dicarboxylic acid transporter; Mls, malate synthase; Pdc,
pyruvate decarboxylase; Pyc, pyruvate carboxylase; Pck, phosphoenolpyruvate carboxykinase; Pdh, pyruvate dehydrogenase; Pyk, pyruvate kinase; PEP,
phosphoenolpyruvate; Scs, succinyl-CoA synthase; Sdh, succinate dehydrogenase; Xr, xylose reductase; Xdh, xylitol dehydrogenase; Xk, xylulose

kinase; Yhm2, mitochondrial citrate transporter; Yht, hexose transporter.

Producing yeast strains

In native yeast metabolism, succinate is generally a transient in-
termediate that does not accumulate. To achieve significant suc-
cinate accumulation, metabolic engineering is required to redi-
rect carbon fluxes and partially impairs the oTCA cycle. Common
engineering targets include genes encoding succinate dehydroge-
nase (Sdh) in the oTCA cycle; isocitrate lyase (Icl) and malate syn-
thase (Mls) in the glyoxylate cycle; and pyruvate carboxylase (Pyc),
malate dehydrogenase (Mdh), fumarase (Fum), and fumarate re-
ductase (Frd) in the rTCA pathway (Figure 1). To this end, several
metabolic engineering strategies have been developed in yeasts
such as Y. lipolytica, S. cerevisiae, and I. orientalis; the first of which
being the most promising one. This section will focus in depth on
the metabolic engineering strategies developed in Y. lipolytica to
increase SA titer, productivity, and/or yield and compare its per-
formances to that obtained for S. cerevisiae, I. orientalis and even E.
coli (refer to Table 1 for a detailed comparison).

Yarrowia lipolytica

Y. lipolytica is a non-conventional yeast commonly found in envi-
ronments rich in lipids and proteins (Nicaud 2012, Mamaev and
Zvyagilskaya 2021). As an oleaginous yeast, part of its metabolism

is devoted to the anabolism and catabolism of hydrophobic sub-
strates (Fickers et al. 2005). It is also renowned for its capacity to
synthesise sugar alcohols (such as erythritol, threitol, and ara-
bitol) and organic acids (including citric acid, isocitric acid, «-
ketoglutarate, itaconic acid, and SA) (Liu et al. 2015, Fickers et al.
2020). This yeast is recognised as non-pathogenic and has been
classified as Generally Recognised as Safe (GRAS) by the US Food
and Drug Administration (FDA).

The disruption or downregulation of genes encoding Sdh sub-
units has primarily been considered for SA accumulation. The
mutant strains Y-3374 and Y-3314 were generated by disrupting
SDH1 (YALIOD11374g) and SDH2 (YALIOD23397g), respectively, in
the Po1f laboratory strain (Yuzbashev et al. 2010). While both mu-
tants showed markedly reduced growth on glucose, strain Y-3314
was able to produce SA at a titer of 45.5 g/L from glycerol in
buffered media (pH 6), with a productivity of 0.27 g/(L-h). With-
out medium buffering, the SA titer and productivity dropped to
17.4 g/L and 0.10 g/(L-h), respectively. Strain Y-3314 (sdh2::URA3)
was further subjected to chemical mutagenesis using N-methyl-
N’'-nitro-N-nitrosoguanidine. The resulting mutant, Y-3753, pro-
duced SA with a titer and yield of 42.1 g/L and 0.39 g/g glucose,
respectively, in a fed-batch bioreactor without pH control (Yuzba-
shev et al. 2016).
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In a similar approach, Jost et al. replaced the native promoter of
SDH2 (YALIOD233979) in strain H222-AZ2 with the regulated weak
PO1T promoter. This led to a 64% decrease in SDH activity and
resulted in an SA titer of 25.1 g/L with a productivity of 0.15 g/(L-h)
in a 1 L bioreactor using glycerol medium under oxygen-limited
conditions (Jost et al. 2015).

In another study, disruption of the SDH5 gene (YALIOF11957g)
enabled strain PGC01003 to produce 5.5 g/L SA from glycerol,
a 13-fold increase compared to the parental strain Polg. How-
ever, PGC01003 exhibited impaired growth on glucose and ac-
cumulated acetic acid. Upon optimization of culture conditions,
PGC01003 produced 160.2 g/L SA with a yield of 0.40 g/g and a
productivity of 0.40 g/(L-h) from crude glycerol (Gao et al. 2016).

Various strategies were also employed to eliminate side-
products formation and to redirect pyruvate toward SA produc-
tion. These strategies include deletion of genes involved in side-
product formation or overexpression of genes encoding key en-
zymes of the oTCA cycle, reductive carboxylation, and the gly-
oxylate cycle. The disruption of the ACHI gene (YALIO_E30965g)
in PGCO01003, encoding acetyl-CoA hydrolase, resulted in strain
PGC52, improved growth on glycerol, reduced acetate accumu-
lation from 7.5 g/L to 0.2 g/L, and increased the SA titer by
27% in shake-flask cultures (Cul et al. 2017). However, the reduc-
tion in acetate formation led to an accumulation of acetyl-CoA,
which inhibited pyruvate dehydrogenase (Pdh), causing excess
intracellular pyruvate. To redirect the excess pyruvate towards
succinate, overexpression of Pck and/or Pyc (YALIO_C24101g) in
PGC52 yielded varying outcomes, with the best improvement seen
when expressing the Pck gene from S. cerevisiae, resulting in strain
PGC62. This strain was further modified by overexpressing the
gene for the B-subunit of succinyl-CoA synthetase (Scs2), gener-
ating strain PGC202, which produced 110.7 g/L SA with a yield of
0.53 g/g glycerol after 138 hours of fed-batch culture without pH
control (Cui et al. 2017). On glucose, PGC202 produced 53.6 g/L SA
with a yield and productivity of 0.61 g/g glucose and 0.52 g/(L-h),
respectively (Yu et al. 2018).

Another strategy involved further engineering of PGC62 by
overexpressing the Frd gene from Trypanosoma brucei and endoge-
nous genes encoding Scs2 (YALIOD04741g), Icl (YALI1C24124qg),
Mls (YALIOE15708g, Mls1; YALIOD19140g, Mls2), and Yhm?2
(YALIOB10736¢) (a mitochondrial citrate transporter). The result-
ing strain, PGC62-SYF, also expressed SpMAE (a C4-dicarboxylic
acid transporter from Schizosaccharomyces pombe). In a glucose-fed
batch bioreactor operated at pH 5.5, strain PGC62-SYF-SpMAE
produced 101.4 g/L SA, with a yield and productivity of 0.37 g/g
glucose and 0.70 g/(L-h), respectively (Jiang et al. 2021).

In sdhA mutants, the oTCA cycle is disrupted, preventing the
conversion of succinate to fumarate and subsequently to oxaloac-
etate. As a result, less FADH, and NADH are generated, reduc-
ing ATP production. To address this, various strategies were used
to restore glucose metabolism. Yuzbashev et al. (2016) evolve the
strain Y-3753 in a glucose-limited chemostat for 840 hours, yield-
ing strain Y-4215, which produced 50.2 g/L SA, 19% increase in SA
titer compared with strain Y-3753, within 54 hours in a glucose
fed-batch culture, with a yield of 0.43 g/g glucose. Yang et al. used
adaptive laboratory evolution (ALE) on PGC01003, leading to strain
PSA02004 with enhanced glucose uptake. This strain achieved a
titer of 65.8 g/L SA with a productivity of 0.69 g/(L-h) from glucose
in a 2 L bioreactor, with acetate as the sole by-product (Yang et
al. 2017). ALE of PSA02004 under low pH conditions yielded strain
PSA3, which produced 76.8 g/L SA from glucose at pH 3 over 324
hours in repeated fed-batch culture, with a yield of 0.20 g/g glu-
cose (Liet al. 2018a).

Babaei et al. combined most of the previous mentioned strate-
gles to construct a strain that efficient produce SA. First, they
reduced SDH activity by 77% by truncating the SDH1 promoter,
maintaining glucose-dependent growth. Disruption of ACHI and
overexpression of SpMAE1 allowed strain ST8507 to produce
1.2 g/L SA in four days culture in deep-well plate using glycerol,
while the parental strain produced any SA. However, the spe-
cific growth rate of ST8507 decreased from 0.49 to 0.33 h~?%. Fur-
ther overexpression of the Pck gene from Actinobacillus succinogenes
generated strain ST8510. Overexpressing endogenous genes en-
coding Icl and Mls and Mdh, in ST8507 improved the SA titer by
58% (~2 g/L). Additionally, enhancing oTCA flux by overexpressing
Kgdh and Scs2 encoding genes led to strain ST8578, which pro-
duced 3.3 g/L SA (a 280% increase over ST8507). ALE of ST8578
yielded improved glucose utilisation, with a final titer of 35.3 g/L
SAatpH 5, and a yield and productivity of 0.26 g/g and 0.61 g/(L-h),
respectively in a fed-batch bioreactor culture (Babaei et al. 2019).

Efforts to enhance glycerol metabolism and broaden carbon
source (i.e. xylose, acetate, and methanol) utilization in Y. lipoly-
tica have also been considered. To further optimize glycerol
metabolism in strain PGC01003, strain RIY420 was constructed
by overexpressing GUT1 (YALIOF00484g) encoding glycerol kinase.
In fed-batch culture, RIY420 produced 178 g/L SA with a yield
of 0.46 g/g glycerol and a productivity of 0.44 g/(L-h), represent-
ing a 10% productivity improvement over PGC01003 (Ong et al.
2020). Prabhu et al. (2020) engineered strain PSA02004 by overex-
pressing endogenous XR (xulose reductase, YALIOD07634g), XDH
(xylitol dehydrogenase, YALIOE12463g), and XK (xylulose kinase,
YALIOF10923g) genes (Fig 1). In bioreactor batch culture on pure
xylose, strain PSA02004PP produced 11.2 g/L SA, with a yield and
productivity of 0.19 g/g xylose and 0.13 g/(L-h), respectively. Fed-
batch culture yielded 22.3 g/L SA, with a yield and productivity
of 0.15 g/g and 0.14 g/(L-h). Strain BDic5, engineered for xylose
catabolism (Y1XK, SsXR, SsXDH) and SA anabolism (sdh5A, ach1A,
ScPCK, YISCS2, YIDIC), produced 102.4 g/L SA with a productivity
of 0.39 g/(L-h) from glucose and xylose in shake flasks under fed-
batch conditions (Ge et al. 2025). Narisetty et al. (2022b) expressed
E. coli acetyl-CoA synthase (Acs) in PSA02004PP and used ALE to
enhance acetate tolerance. The resulting strain, ACS 5.0, produced
5.1 g/L SA in acetate medium over 96 hours.

Zhangetal. (2023) reconstructed a methanol catabolic pathway
in Y. lipolytica by expressing Pichia pastoris genes for alcohol oxidase
(Aox, PAS_chr4 0821), catalase (Cat, PAS_chr2-2_0131), dihydroxy-
acetone synthase (Das, PAS_chr3_0832), and dihydroxyacetone ki-
nase (Dak, PAS_chr3_0841). However, the engineered strain could
not grow on methanol, likely due to insufficient precursor regen-
eration. To resolve this, xylose catabolism genes (XR, XDH, XK)
from Meyerozyma guilliermondii and P. pastoris genes coding fruc-
tose 1,6-bisphosphate aldolase (Fba2, PAS_chrl-1_0319), transal-
dolase (Tal2, PAS_chr2-2_0338) and fructose-1,6-bisphosphatase
(Fbp1, PAS_chr3_0868) were expressed and the corresponding pro-
tein targeted to the peroxisome to allow xylulose 5-phosphate
(Xubp) regeneration. Overexpression of Hsp70 and disruption of
SDHS5 enabled SA production. The final strain, Y1-005, produced
0.92 g/L SA using methanol as the sole carbon source.

Another efficient strategy for enhancing SA production in engi-
neered yeast strains involves leveraging the rTCA pathway. Cui et
al. reconstructed part of the rTCA cycle in strain PGC91 by ex-
pressing Frd from Trypanosoma brucei, Fum from E. coli, and en-
dogenous Mdh1 (YALIOD16753g) yielding in strain PGC91-rT with
a 30.8% higher SA yield but 52.5% lower biomass. ALE restored
growth on glucose, and mitochondrial targeting of TbFrd, YIPyc,
and YIFum improved SA synthesis. The final strain, Hi-SA2, which
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also overexpresses SpMAE1 and Mdh2 (YALIOE14190g), produced
111.9 g/L SA in 62 hours from glucose with a yield of 0.79 g/g
and productivity of 1.79 g/(L-h) at pH 2.5 (Cui et al. 2023). ALE
on Hi-SA2 for SA tolerance produced strain E501, which achieved
89.6 g/L SA at 1.87 g/(L-h). Further improvement of glucose uptake
and glycolysis by overexpression of gene from endogenous hex-
ose transporters Yhtl (YALIOC06424g), Yht3 (YALIOF19184g) and
Yht4 (YALIOE23287¢), as well as the key enzymes from the gly-
colytic pathway, namely hexokinase (Hxk1, YALIOB22308g), phos-
phofructokinase (Pfk1, YALIOD16357g) and pyruvate kinase (Pyk1,
YALIOF09185¢g) led to strain E501XF, which produced 112.5 g/L SA
at pH 3.5 with a yield and productivity of 0.67 g/g and 2.08 g/(L-h),
respectively (Zhong et al. 2024a).

Finally, Sun et al. identified YALIOA07997¢, a gene associated
with SA tolerance under stress (40 g/L SA, pH 3). Its overexpression
in an sdh5A strain led to an SA titer of 88.5 g/L with a productivity
of 1.23 g/(L-h), representing a 66% increase over the parental strain
(Sun et al. 2025b).

Other yeast strains

A significant amount of research has focused on the metabolic
engineering of S. cerevisiae to enhance SA production. Similar to Y.
lipolytica, these strategies involve the disruption of SDH-encoding
genes and/or the overexpression of genes encoding key enzymes
in the r'TCA pathway, mainly Pyc, Mdh, Fum, and Frd. Several stud-
ies have demonstrated the ability of engineered S. cerevisiae strains
to produce SA under anaerobic or microaerobic conditions with
CO, fixation, which offers significant advantages from an indus-
trial viewpoint (Agren et al. 2013, Yan et al. 2014, Malubhoy et al.
2022). The strain UBR2¢gs-DHA-SA-ANDCT-02(2)-PYC20e achieved
an SA ftiter of 35 g/L with a yield of 0.60 g/g glycerol and a pro-
ductivity of 0.36 g/(L-h) in shake flask culture with the addition
of CaCOs; currently the highest values reported for S. cerevisiae in
the literature (Malubhoy et al. 2022). In this strain, the rTCA path-
way was partially reconstructed in the cytosol by overexpressing
genes encoding the endogenous Mdh3, the heterologous fumarase
from Rhizopus oryzae (RoFumR), and the peroxisomal fumarate re-
ductase from Trypanosoma brucei (TbFrd), along with the overex-
pression of genes encoding the dicarboxylic acid transporter Dic02
from Aspergillus niger (AnDct-02) and Pyc2 (Xiberras et al. 2020,
Malubhoy et al. 2022). These genetic modifications were made into
S. cerevisiae strain UBR2CBS-DHA previously engineered to con-
vert its native FAD-dependent glycerol catabolic pathway into an
NAD-dependent one (Klein et al. 2016). Compared to Y. lipolytica,
the efficiency of SA production using S. cerevisiae strains remains
relatively low. However, there is significant potential for further
improvement in both titers and yields. Notably, Reverdia, a lead-
ing company in this field, reported in a patent a genetically en-
gineered S. cerevisiae strain capable of producing up to 100 g/L of
SA at pH (Choi et al. 2015). However, the details of the strain con-
struction are not fully disclosed.

L. orientalis (also known as Candida krusei or Pichia kudriavzevii)
is a non-model yeast that exhibits exceptional natural tolerance
to low pH (down to 2) and high osmotic pressure (Tan et al. 2025),
and shows promise for efficient SA production. Part of the rTCA
cycle was reconstructed in the cytoplasm of strain SD108 by over-
expressing the genes encoding Pyc, Mdh, Fum, and Frd (Xiao et
al. 2014). The resulting strain, IoAura3 + SA, was further engi-
neered by overexpressing the SpMael transporter and disrupting
genes encoding glycerol-3-phosphate dehydrogenase (Gpd) and
pyruvate decarboxylase (Pdc) to block glycerol and ethanol pro-
duction, respectively, as well as the dicarboxylic acid importer
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G3473. Additional modifications included the overexpression of a
glycerol dehydrogenase (Gdh) gene from Pichia angusta and the en-
dogenous Dak gene. Finally, to relieve glucose-induced catabolite
repression on glycerol consumption, the G3837 hexokinase gene
was deleted, resulting in strain g3473A/PaGDH-DAK/g3837. This
strain produced 109.5 g/L SA with a yield of 0.63 g/g glucose equiv-
alent and a productivity of 0.54 g/(L-h) in a fed-batch culture using
minimal medium with glucose and glycerol, maintaining the pH
at 3 (Tran et al. 2023).

Renewal_)le feedstocks for succinic acid
synthesis

Glucose is currently the most used substrate in bioprocesses for
SA production, but its cost remains a major barrier to the process
economic viability (Morales et al. 2016). As a result, researchers
have explored a range of alternative substrates for yeast strains
to support more sustainable and cost-effective SA production. In
the literature, most studies on the use of renewable feedstocks
for SA production by yeast are related to Y. lipolytica based on its
remarkable flexibility in utilizing both hydrophilic and hydropho-
bic carbon sources, including sugars, lignocellulosic hydrolysates,
fatty acids, lipids, waste oils, crude glycerol, and acetate (Ma et
al. 2020). Additionally, efforts to widen Y. lipolytica substrate range
have included the introduction of new metabolic pathways and
improvements to the strain tolerance toward specific feedstocks
(Zhong et al. 2024b, Zhang et al. 2023).

Crude glycerol

Compared to glucose, glycerol has a higher degree of reduction
and represents a promising carbon source for SA synthesis. Crude
glycerol is a byproduct of biodiesel production, with approxi-
mately 1 kg of crude glycerol generated for every 10 kg of biodiesel
produced (Koutinas et al. 2014). According to the EU Biofuels An-
nual Report (Flach et al. 2019), biodiesel production in the EU was
estimated at 11.2 million tonnes (Mt) in 2023, suggesting an an-
nual availability of approximately 1.12 Mt of crude glycerol in the
EU-28. Crude glycerol has been used as a substrate for SA produc-
tion by Y. lipolytica strain PGC01003 in fed-batch cultures, achiev-
ing an SA titer of 160.2 g/L, a yield of 0.4 g/g, and a productivity of
0.4 g/(L'h) (Gao et al. 2016). Using an in-situ fibrous bed bioreactor
(isFBB), in which cells were immobilized on sugarcane bagasse, SA
production reached 209.7 g/L with a productivity of 0.65 g/(L-h) in
fed-batch culture of strain PGC01003 (Li et al. 2018b). Engineered
yeast strains have demonstrated SA production efficiencies com-
parable to, or even exceeding, those of engineered E. coli when us-
ing crude glycerol. For example, E. coli MLB/pTrc99a-pck produced
only 5.9 g/L SA when cultivated in untreated crude glycerol. How-
ever, when the same strain was cultivated in crude glycerol pre-
treated with activated carbon, it produced 66.8 g/L SA with a yield
of 1.24 g/g and a productivity of 0.70 g/(L-h) during the anaerobic
phase (Li et al. 2018c).

Food supply chain wastes

Food wastes are generated at multiple stages across value chains,
including industrial production, distribution, consumption, and
waste management. According to Eurostat, total food waste in the
EU was approximately 59 Mt million tonnes (Mt) in 2022 (Euro-
stat 2022). Major components of food waste include the organic
fraction of municipal solid waste (OFMSW), fruit and vegetable
residues, and waste from catering services. It is estimated that
by 2050, the volume of OFMSW could reach 3.4 billion tonnes
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(Bandini et al. 2022). Currently, organic waste is predominantly
managed through landfilling or incineration that are processes as-
sociated with significant environmental burdens and limited eco-
nomic return. A fed-batch culture in isFBB using Y. lipolytica strain
PGC202 and a glucose-based hydrolysate derived from mixed food
waste achieved 71.6 g/L SA after 177 hours, values similar with
cultures using commercial glucose-based media (53.6 g/L SA after
104 h) (Lietal. 2019a, Yu et al. 2018). In the same study, the authors
employed a fruit and vegetable waste hydrolysate (i.e. glucose-
based) in a batch bioreactor culture with strain PGC202, without
pH control, resultingin 32.6 g/L SA with a productivity of 0.6 g/(L-h)
and a yield of 0.61 g/g glucose (Li et al. 2019a). Using the same
hydrolysate and supplementing with 4% corn steep liquor (CSL),
strain PSA02004 produced 140.6 g/L SA in fed-batch mode, with
a productivity of 0.44 g/(L-h) (Li et al. 2018d). OFMSW hydrolysate
was also used as a carbon source in cultures with Y. lipolytica strain
PSA02004, applying a two-stage pH regulation strategy that grad-
ually reduced the pH from 6.0 to 5.5 over 30 hours. This strategy
yielded 54.4 g/L SA, with a productivity of 0.82 g/(L-h) and a yield
of 0.44 g/g (Stylianou et al. 2021). The same strain was employed
in combined SA production and in-situ extraction using an electro-
chemical membrane bioreactor (EMB), which increased the final
SA ftiter to 66.7 g/L, with a yield of 0.51 g/g and a productivity of
0.78 g/(L-h) (Stylianou et al. 2023). In contrast, few studies have ex-
plored SA production by engineered E. coli strains using food waste
hydrolysates. Huang et al. (2019) used a hydrolysate derived from
sweet potato waste with E. coli HD134, achieving 18.6 g/L SA with
a yield of 0.94 g/g after 48 hours in shake flask culture.

Agricultural residues

Agricultural activities generate various residues that could serve
as valuable feedstocks for SA production. Between 2006 and 2015,
the production capacity of agricultural residues (e.g. dry biomass
from leaves and stems) in the EU-28 was estimated at approxi-
mately 442 Mt. In the EU, most of these residues originate from
cereals (328.52 Mt, 74.25%), followed by oil-bearing crops (73.1 Mt,
16.52%) and permanent crops (21.86 Mt, 4.94%) (Camia et al. 2018).
Residues with limited competitive uses, such as corn stover, which
is not essential for soil conservation, animal bedding, or bioen-
ergy production, are promising candidates for use as industrial
feedstocks.

Li et al. (2019a) performed batch fermentations with Y. lipoly-
tica strain PGC202 using hydrolysates derived from agricultural
residues, including sugarcane bagasse, wheat straw, and corn
stalks. These cultures yielded 40 g/L SA with a yield of 0.56 g/g
and a productivity of 0.50 g/(L-h). Ong et al. (2019) demonstrated
that Y. lipolytica strain PSA02004 can simultaneously metabolize
glucose and xylose from sugarcane bagasse hydrolysates for SA
production (32.2 g/L SA with a yield of 0.58 g/g and a productivity
of 0.33 g/(L-h)). In another study, sugarcane bagasse hydrolysate
was used in batch bioreactor cultures with the strain PSA02004PP,
producing 5.6 g/L SA with a yield of 0.14 g/g (Prabhu et al. 2020).
Corn stover hydrolysate was also used in fed-batch cultures with
Y. lipolytica strain BDic5, achieving 105.4 g/L SA with a yield of
0.35 g/g and a productivity of 0.53 g/(L-h) (Ge et al. 2025). Mancini
et al. (2022) reported the use of corn stover hydrolysate in S. cere-
visige cultures maintained at a low constant pH of 3.1, yielding
43 g/L SA with a yield of 0.69 g/g and a productivity of 0.45 g/(L-h).

Lignocellulosic hydrolysates often contain inhibitory com-
pounds such as furfural, which can hinder microbial growth and
SA production. The strain Hi-SA2-Y1Gsh2, engineered to overex-
press the GSH2 gene (YALIOC17831g) encoding glutathione syn-

thetase from Y. lipolytica, exhibits elevated intracellular levels of
reduced glutathione. This enhances resistance to reactive oxy-
gen species and improves tolerance to toxic compounds in hy-
drolysates. Using undetoxified corncob hydrolysate containing
mainly glucose and xylose, this strain produced 45.3 g/L SA with
a yield of 0.71 g/g and a productivity of 1.42 g/(L-h) (Zhong et al.
2024b).

Food industry products and coproducts

The main food industry coproducts that could serve as substrates
for SA production include corn-derived glucose syrups, sucrose-
rich juices (e.g. sugarcane juice), and molasses. (Tran et al. (2023)
overexpressed the SUC2 gene from S. cerevisiae in an I. orientalis
g3473A/PaGDH-DAK strain to enable sucrose assimilation. Using
sucrose-rich sugarcane juice in fed-batch culture at pH 3, the en-
gineered strain produced 104.6 g/L SA, with a yield of 0.63 g/g glu-
cose and a productivity of 1.25 g/(L-h). Rapeseed oil was also eval-
uated as a carbon source for SA production using Y. lipolytica VKM
Y-2412 in fed-batch culture, resulting in 69.0 g/L SA (Kamzolova
et al. 2014).

Other feedstocks

SA production by engineered yeasts has been evaluated using tex-
tile waste hydrolysates. In 2015, global textile waste generation
was approximately 92 Mt, and it is projected to reach 148 Mt by
2030 (Li et al. 2019b). This waste stream represents a promising
raw material for platform chemical production, as 35-40% of tex-
tile waste consists of cellulose (Hu et al. 2018). Biochar-treated tex-
tile waste hydrolysate, rich in glucose, was used as fermentation
feedstock with the Y. lipolytica strains PGC202 and PSA02004. Strain
PGC202 efficiently produced 28.8 g/L SA with a yield 0f 0.61 g/gand
a productivity of 0.33 g/(L-h) in isFBB. In contrast, strain PSA02004
was unable to fully consume the available glucose, resulting in a
significantly lower SA titer of 3.6 g/L (Li et al. 2019b).

These aforementioned researches underscore the capability of
yeast, most notably Y. lipolytica, to efficiently metabolize a broad
spectrum of alternative carbon sources obtained from renewable
feedstocks, including crude glycerol, lignocellulosic hydrolysates,
and various industrial and agricultural waste streams.

Downstream separation and purification of
succinic acid

Downstream processes contribution to the total cost of the final
product are comprised between the 30 and 40% (Straathof 2011).
In the case of bacterial strains, the requirement for neutral pH
during the culture phase in bioreactor significantly impacts SA
production costs, with DSP contributing up to 60% of the total
production expenditure (Kurzrock and Weuster-Botz 2010). As al-
ready stated, at neutral pH, succinate exists in salt form in the
culture medium at neutral pH, which must be acidified during the
DSP stage. In addition to medium neutralization, the DSP process
must include unit operations for separating biomass, metabolic
by-products (e.g. acetate, formate), and impurities (e.g. anions,
cations, proteins, pigments), as well as evaporation and crystal-
lization of SA.

Various DSP processes for SA purification (Figure 2) have been
developed, exhibiting different SA recovery efficiencies and pu-
rities. SA purification strategies can be classified into in-situ pro-
cesses, which integrate bioreactor operation with SA extraction,
and sequential processes, where SA is produced first in the biore-
actor and subsequently purified from the culture broth.
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Figure 2. Strategies for succinic acid separation and purification.

Precipitation has been widely used for recovering organic
acids from culture broths (Kurzrock and Weuster-Botz 2010). This
method typically involves the addition of a base to precipitate suc-
cinate salts, followed by filtration and acidification with H,SO4
to solubilize SA and remove salts as a by-product stream. A cal-
cium hydroxide-based process achieved SA crystal purity of 94.2%
(Datta et al. 1992). (Alexandri et al. 2019) also investigate the cal-
cium precipitation in culture broths derived from spent sulphite
liquor (SSL), resulting in 81% purity and a low recovery yield of
13%. Similar results were observed using a wheat-based fermen-
tation broth, with 13% recovery yield and 30% SA purity (Luque et
al. 2009). Major drawbacks of this method include the generation
of solid calcium sulfate as a by-product and low recovery yields
(Lee and Kim 2011). Alternatively, a diammonium succinate pro-
cess using ammonia as the neutralizing agent demonstrated a SA
recovery yield of up to 94.9% Unlike the process with calcium hy-
droxide, the use of H,SO, results in ammonium sulfate, which can
be recycled and reused in the culture stage (Yedur et al. 2001).

Direct crystallization has also been explored. Luque et al. (2009)
acidified the culture broth to pH 2 to convert SA to its undissoci-
ated form. The process includes vacuum evaporation to remove
volatile acids and concentrate SA, followed by crystallization at
4°C. SA crystal purities of 90-97% and recovery yields of 61-75%
were reported using synthetic (artificial) media. One-step crystal-
lization via HCI acidification of glucose-based broth yielded 90%
purity and 70% recovery (Li et al. 2010).

Cooling crystallization with an extra crystallization step using
urea increased SA recovery to 95%, producing SA-urea co-crystals
suitable for succinimide production (Xiao et al. 2020). Other direct
crystallization methods include acidification and ion-exchange
resin-based approaches. The latter resulted in 89.5% recovery and
99% purity (Lin et al. 2010). A cation-exchange resin acidification
method yielded 79% recovery and 96% purity (Alexandri et al.
2019). Due to impurities in culture broths, crystallization is gen-
erally the final DSP step, following preliminary purification oper-
ations such as activated carbon treatment and filtration (Mancini
et al. 2020).

Reactive extraction uses amines in organic solvents to form
amine-acid complexes. Amines are effective for recovering or-
ganic acids because they serve as electron donors and inter-
act with negatively charged species (Kurzrock and Weuster-Botz
2010). Different types of amines (primary, secondary, tertiary) have
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been tested in various solvents. Extraction must occur at pH val-
ues below the acid pKa, as amines react with the undissociated
form (Jun et al. 2007). Quaternary amines, which interact with
both dissociated and undissociated acids, are difficult to regen-
erate by back-extraction (Lee et al. 2008). Tertiary amines such as
trioctylamine in 1-octanol have achieved recovery yields of 67-
73.1% and purities higher than 99% (Huh et al. 2006, Song et al.
2007). Kurzrock and Weuster-Botz, (2011) also reported high re-
covery yields using reaction systems combining different amines
and organic solvents, with trihexylamine in 1-octanol as the most
effective combination. Alexandri et al. (2019) reported a 73% re-
covery yield and 97.2% purity using trioctylamine in 1-hexanol
with pH swing back-extraction.

Membrane-assisted techniques, including ultrafiltration,
nanofiltration, reverse osmosis, emulsion liquid membranes,
and electrodialysis, have also been investigated. These methods
offer economic and energy efficiency due to selective compound
separation, reduced chemical consumption, and fewer DSP unit
operations (Sadare et al. 2021). Pressure-driven filtration and
osmosis are typically used as initial steps to clarify broths (Jansen
and Van Gulik 2014), though industrial application is limited by
membrane fouling (Prochaska et al. 2018).

A two-stage membrane-based process was conducted combin-
ing nanofiltration in diafiltration mode followed by concentration
of the retentate by reverse osmosis, leading to a SA recover yield of
92% and a SA purity of 99.5% (Khunnonkwao et al. 2018). Emulsion
liquid membrane separation, a form of advanced liquid-liquid ex-
traction, has also been applied. Othman et al. (2018) developed an
optimized method using this approach, achieving 98% recovery
and nearly 100% purity of SA crystals.

Electrodialysis utilizes ion-exchange membranes and electri-
cal potential to transport ionic species. This process allows the
selective recovery of dissociated carboxylic acids at pH values
above their pKa (Jones et al. 2021). The first report of electrodial-
ysis for SA recovery achieved 60% yield and 80% purity (Glass-
ner and Datta 1992). (Fu et al. 2014) converted sodium succinate
to SA using a bipolar membrane electrodialysis (EDBM) system,
achieving 96.8% recovery. When combined with ultrafiltration and
reactive extraction, EDBM yielded over 90% recovery (Prochaska
et al. 2018). Gausmann et al. (2020) demonstrated a sustainable
strategy using electrochemical pH-shift DSP combined with back-
extraction and crystallization to recover SA crystals with more
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Figure 3. Biorefinery concept for SA production (Modified from Efthymiou et al. 2021).

than 97% purity. Industrial implementation depends heavily on
optimizing current efficiency and energy consumption (Fu et al.
2014).

An integrated in-situ electrochemical membrane bioreactor
(EMB) process was developed by Pateraki et al. (2019) using Bas-
fia succiniciproducens cultivated on SSL. In-situ succinate extrac-
tion reduced product inhibition for the producing microorganism,
increasing yield by 15% and productivity by 32%. Additionally,
OH~ generated at the cathode reduced NaOH requirements for
pH control by 19.3%. Stylianou et al. (2023) applied a similar EMB-
based process using engineered Y. lipolytica strains and municipal
biowaste hydrolysates. This approach improved SA production ef-
ficiency, minimized base consumption, and allowed operation at
a reduced pH (from 6 to 5.5), achieving a 95% recovery yield and
99.95% purity. Combining yeast fermentation with an EMB-based
process presents a promising approach by omitting cells centrifu-
gation and acidification steps. The low pH of the broth enhances
coulombic efficiency, as one carboxyl group of succinic acid re-
mains undissociated near its pKa, reducing the electrons needed
for ion transportation. These findings underscore the importance
of low-pH fermentation for efficient in-situ SA extraction.

Integrated biorefineries for SA production

The higher market price of bio-based SA compared to its fossil-
derived counterpart indicates that conventional bioprocesses
must be restructured and integrated into circular biorefineries
using crude renewable resources. This approach can alleviate

key process bottlenecks, including the replacement of commer-
cial carbon sources and nutrients with low-cost hydrolysates, and
enhance economic viability through the coproduction of multi-
ple end-products targeting diverse applications and markets. The
comprehensive exploitation of all biomass components can en-
able the generation of both commodity (e.g. bio-based SA) and
specialty products (e.g. bioactive compounds).

To date, only a limited number of biorefinery concepts incorpo-
rate SA production by engineered yeasts. One such example in-
volves the valorization of biodiesel industry by-products, such as
sunflower meal (SFM) and crude glycerol, for SA production using
A. succinogenes and Y. lipolytica PSA2004 within an integrated biore-
finery framework (Figure 3) (Efthymiou et al. 2021). In this process,
a protein concentrate and phenolic-rich compounds were first ex-
tracted from SFM. The residual solids were subjected to thermo-
chemical and enzymatic treatments to generate a nutrient-rich
hydrolysate, which supported SA production by A. succinogenes
in fed-batch culture, yielding 34 g/L SA with a yield of 0.6 g/g and
productivity of 0.71 g/(L-h). Crude glycerol, combined with SFM
hydrolysate, served as a carbon source for SA production by Y.
lipolytica PSA2004 in fed-batch cultures, achieving 69.1 g/L SA, a
productivity of 1.26 g/(L-h), and a yield of 0.39 g/g.

In the PERCAL project, a novel biorefinery concept (Figure 4)
was developed based on OFMSW for the production of SA for
incorporation in polyurethane dispersions, and biosurfactants
(Ioannidou et al. 2023a). The carbohydrate-rich fraction of OFMSW
was hydrolyzed to generate a sugar-rich substrate for SA produc-
tion by Y. lipolytica (Stylianou et al. 2023), while the oil and pro-
tein fractions were utilized for biosurfactant synthesis. In that
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biorefinery, an EMB was employed for in-situ SA production and
extraction, enhancing process integration and efficiency.

Most biorefineries reported in the literature utilize bacterial
strains for bio-based SA production. For instance, Filippi et al.
(2022) developed a biorefinery concept using winery residues
(grape pomace, stalks, and wine lees). Bacterial cellulose was de-
rived from grape pomace, while grapeseed oil and polyphenols
were extracted from the same stream. Wine lees were valorized to
produce ethanol, antioxidants, tartaric acid, and nutrient-rich hy-
drolysates, which were subsequently used in fed-batch culture of
A. succinogenes for SA production. Patsalou et al. (2020) designed a
biorefinery process for the valorization of citrus peel waste into SA
and co-products. Essential oils (0.43%) and pectin (30.53%) were
first extracted, and the residual biomass was hydrolyzed to yield
fermentable sugars.

Sustainability assessment

In the last decade, the SA market price considering both fossil and
bio-based origin ranges between $1.46-4.06/kg (E4tech, RE-CORD,
WUR 2015; CredenceResearch 2024; Imarc 2024). The wide mar-
ket price fluctuation underscores the volatile SA market, which as
most bio-based platform chemicals are influenced by various fac-

tors, such as market demand, flexibility in final applications, pro-
duction cost associated with the available technologies and crude
renewable feedstocks, competition with established fossil-based
counterparts, and co-product development. The case of BioAm-
ber, the commercial-scale SA production facility in Canada, has
been presented by Li and Mupondwa 2021. Despite the high cap-
ital investment of $147 million and the annual production ca-
pacity of 30,000 t, where economies of scale can be achieved,
the plant failed to achieve profitability, as the production cost of
$2.23/kgs was significantly higher than BioAmber’s projected tar-
gets. Key issues included underperformance in market penetra-
tion, inability to reach full production capacity and overestima-
tion of co-product value. A sensitivity analysis showed that even
with improved conversion routes and the inclusion of co-products,
profitability remained difficult to attain at the assumed market
prices.

The current economic performance of conventional biopro-
cesses for SA production could be improved via integration within
novel biorefinery concepts producing multiple bio-based prod-
ucts. Literature-cited techno-economic indicators of bio-based SA
production processes, including Fixed Capital Investment ($2.88—
16.75/kgsa), Cost of Manufacture (COM) ($0.88-2.32/kgss) and
Minimum Selling Price (MSP) ($0.99-2.26/kgsa), vary significantly
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(Moussa et al. 2016).

depending on the feedstock used and the respective co-products
developed, the production capacity, and the selected technologies
employed (loannidou et al. 2020). Ladakis et al. (2022) developed
a biorefinery utilising an OFMSW stream to produce bio-based
SA via fermentation of the carbohydrate fraction and to extract
lipids/fats and proteins for the production of various co-products.
The MSP of SA ($1.1-2.39/kgsa), estimated for an annual produc-
tion capacity of 60,000 t, was influenced by co-product market
prices and OFMSW management fees (Ladakis et al. 2022). Ioan-
nidou et al. (2023b) reported a MSP of $2.7/kgsa when SA produc-
tion was achieved with the EMB technology using the engineered
Y. lipolytica PSA02004 strain cultivated on crude hydrolysates de-
rived from an OFMSW stream, for which a conservative man-
agement fee ($35/t) was considered. The OFMSW management
fees in EU countries ($35-118/t) vary depending on the specific
country and region. The OFMSW constitute major renewable feed-
stocks for the industrial production of bioeconomy products be-
cause they are currently available at significant quantities in all
EU countries, while their current management involves either low
value practices (e.g. composting) or environmentally unfavorable
practices (e.g. landfilling).

Melitos et al. (2025) reported that the MSP of SA production
using an engineered E. coli strain cultivated on crude glycerol
($3.81/kgss) was 20.5% lower than the respective MSP estimated
when the same strain was cultivated on pure glycerol ($4.79/kgsa).
Crude glycerol is currently produced in EU countries mainly from
biodiesel production plants and therefore its future availability
depends on the biodiesel market. Furthermore, the crude glyc-
erol production capacity is limited in order to sustain economies

of scale for the production of fermentation products in all EU
countries.

The global warming potential (GWP) (1.94 kg CO,-eq/kgsa) and
the abiotic depletion fossil (ADP) (59.2 MJ/kg SA) for petro-based
SA production using maleic anhydride (Cok et al. 2014) can be re-
duced ifitis substituted by bio-based SA production (Figure 5). The
environmental performance of SA production is mainly affected
by utilities (e.g. steam, electricity), bases, acids and chemical re-
quirements. The exploitation of renewable electricity-driven tech-
nologies at different bioprocessing stages may reduce the overall
environmental impact. Cok et al. (2014) reported low GWP (0.88 kg
CO,-eq/kgsa) and ADP (32.7 MJ/kgsa) values for an SA production
bioprocess using corn-derived glucose via low-pH yeast fermen-
tation with direct crystallization-based SA purification, consider-
ing a European electricity production mix. When an EMB system
is employed for SA production, low GWP (0.81 kg CO,-eq/kgsa)
and ADP (15.73 MJ/kgsa) values can be achieved (Figure 5) when
only renewable electricity (photovoltaics) is employed (Ioannidou
et al. 2023b). Moussa et al. (2016) presented the environmental
performance of SA production from sorghum using the process
developed by Myriant Corporation that is based on E. coli cul-
tures using NHs as a neutralising agent followed by salt separation
with continuous ion exchange columns, evaporation and crys-
tallisation. Ammonium phosphate is produced as a co-product
fertilizer. The GWP (0.87 kg CO-eq/kgsa) and the non-ren Fos-
sil CED (6.89 MJ/kgsa) values are among the lowest reported in
the literature (Moussa et al. 2016). This is mainly attributed to
the negative values of GWP and non-ren Fossil CED of ammo-
nium sulphate production as co-product, considering a system
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expansion approach to avoid the production of petroleum-derived
ammonium sulphate. This study highlights the importance
of biorefinery development towards improved environmental
sustainability.

Morales et al. (2016) presented a multicriteria sustainability as-
sessment of SA production from sugar beet and lignocellulosic
biomass based on in-silico SA production by engineered E. coli
strains, considering thermodynamic-based flux analysis. Six alter-
native bio-based SA production routes were assessed using differ-
ent combinations of fermentation conditions (i.e. acidic, neutral
and high sugar concentration) and DSP technologies (i.e. reactive
extraction, electrodialysis and ion exchange). SA production by
low pH fermentation coupled with reactive extraction for SA pu-
rification led to the lowest environmental impact, while fermen-
tations carried out at high sugar concentrations coupled with re-
active extraction led to cost-competitive SA production. However,
process hazards issues should be addressed for both processes in
order to ensure process safety with minimal environmental loads
and worker exposure.

The development of a biorefinery within a conventional sug-
arcane bioethanol facility in Brazil for the simultaneous produc-
tion of bioethanol from sucrose and SA from hemicellulose hy-
drolysates derived from sugarcane bagasse using the bacterial
strain A. succinogenes resulted in a production cost of $2.32/kgsa
(Klein et al. 2017). The sugarcane bagasse-based bioprocess in-
cluded pretreatment with dilute acid, detoxification and fermen-
tation of C5 hydrolysates, followed by a DSP process based on acid-
ification with H,SO4, evaporation, adsorption using a zeolite bed,
evaporation of SA solution in a multiple-effect evaporator, crys-
tallization and drying of the crystals.

Challenges and prospects

SA is recognized as a valuable platform chemical due to its di-
verse industrial applications. However, sustainability concerns
highlight the need to shift away from processes that rely on com-
mercial sugars toward those utilizing crude renewable feedstocks.
To address this challenge, a broader range of renewable resources
must be evaluated for their potential in SA production using engi-
neered yeast strains. This shift necessitates the genetic modifica-
tion of yeast to enable the assimilation of multiple carbon sources.
For example, an alginate catabolic pathway has been introduced
into E. coli and S. cerevisiae, enabling these organisms to utilize
alginate and mannitol derived from macroalgae for ethanol pro-
duction via fermentation (Wargacki et al. 2012, Enquist-Newman
et al. 2014).

Integrating bio-based SA production within biorefineries and
incorporating electricity-driven technologies can significantly
enhance process profitability and reduce environmental im-
pacts. For instance, conventional pretreatment of lignocellulosic
biomass such as liquid hot water, alkaline treatment, dilute acid,
and steam explosion, can account for up to 40% of the total
bioprocess cost (Kumar et al. 2020b, Haldar and Purkait 2021).
These technologies are also associated with high energy demands
and environmental concerns. In contrast, deep eutectic solvents
(DESs) offer promising advantages, including lower cost, non-
toxicity, and biodegradability Filippi et al. (2023). Additionally, non-
thermal plasma technologies provide a sustainable alternative for
biomass pretreatment, operating under ambient temperature and
air pressure conditions (Vanneste et al. 2017). Argeiti et al. (2024)
demonstrated the effectiveness of a non-thermal air plasma bub-
ble reactor for pretreating brewers spent grains, enabling efficient
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utilization of all available sugars (e.g. dextrins, cellulose, hemicel-
lulose) in this by-product. Consequently, developing sustainable
pretreatment strategies is crucial for extracting fermentable sug-
ars from crude renewable resources and enhancing the overall
sustainability of bio-based SA production.

Traditional SA production processes predominantly rely on
batch or fed-batch microbial cultures, which, despite their effec-
tiveness, result in elevated production costs. In contrast, contin-
uous bioprocesses offer several advantages, including extended
operation duration, reduced machine downtime (e.g. fewer clean-
ing and sterilization cycles), and increased volumetric productiv-
ity over the total cycle time due to minimized turnaround. These
features contribute to lowering the overall cost of production.
Furthermore, continuous operations facilitate steady-state condi-
tions, resulting in consistent product quality and enabling seam-
less integration between upstream and downstream processing
(Outram et al. 2025, Schroedter et al. 2025).

In-situ production and extraction strategies are particularly
beneficial in continuous systems. For chemicals such as SA, such
integration minimizes the accumulation of inhibitory by-products
in the culture broth, facilitates pH regulation, improve microbial
metabolic efficiency through the supply of reductive energy into
the metabolic pathways, and reduces both environmental impact
and production costs (Stylianou et al. 2023).

Regarding strain development, advanced genetic engineering
tools can support the construction of robust yeast strains capa-
ble of producing SA at higher yields and productivities while si-
multaneously utilizing multiple carbon sources, including hex-
oses and pentoses, without triggering carbon catabolite repres-
sion. Ultimately, a major hurdle to the commercial viability of
bio-based products remains the effective scale-up of laboratory
development to industrial production. Future work should focus
on developing scalable process engineering solutions that meet
industrial standards and economic benchmarks.

Conclusion

Yeasts represent a promising and versatile platform for the sus-
tainable production of SA. Their tolerance to low-pH environ-
ments and ease of genetic modification make them attractive can-
didates compared to bacterial hosts. Moreover, recent advances
in metabolic engineering and synthetic biology have enhanced
the ability of various yeast strains to efficiently convert renew-
able feedstocks into SA and improve its final titer and/or yield.
These traits, combined with their GRAS status, position yeasts as
a valuable alternative for developing economically viable and en-
vironmentally friendly bioprocesses for SA production.
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