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Green Foundation

1. This critical review discusses whether introducing solar-driven approaches in lignocellulose 
biorefineries can help lower their energy and carbon intensity, in the context of a circular use 
of carbon resources.

2. As one of the major consumers of fossil energy and feedstocks, the chemical industry needs 
to undergo an important shift towards circular models. The approaches discussed in this 
critical review are of interest for the defossilization of wide array of chemical processes, from 
fuel production to commodity and specialty chemical production.

3. We show that, under the right conditions, solar-powered electrolysers can improve both the 
energy intensity and carbon emission balance of a lignocellulose biorefinery on an industrial 
scale Our work highlights and demonstrates the benefits of progressing scientific research 
around these emerging technologies (electrocatalysis, photoelectrocatalysis) to improve the 
sustainability of lignocellulose refineries in the short and long-term.
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Powering lignocellulose biorefineries with solar energy – A 
critical review with furfural as a case study

Clément Spadetto, a Cyril Hachemi a and Mathieu S. Prévot *a

In the context of a circular carbon economy, biorefineries are set to replace traditional petrochemical installations. While a 
standard biorefinery model involves the use of decarbonized electricity and reactive gases (such as H2 from electrocatalytic 
water splitting) to process and upgrade biomass resources, more integrated approaches can be envisioned. In particular, 
the direct use of solar energy and water as a source of protons in solar-powered electrolysers, photoelectrocatalytic and 
photocatalytic devices appears attractive. However, the range of chemical transformations accessible through 
thermocatalytic, electrocatalytic or photocatalytic processes varies greatly, and so do the corresponding operating 
conditions. Therefore, it is still unclear whether integrating integrated solar strategies to biorefineries would be energetically 
and economically efficient. In this critical review, we provide elements to address this outstanding question for lignocellulose 
biorefineries. First, we provide a comparative overview of the current state-of-the-art of catalytic processes for 
lignocellulose valorisation by thermochemical, electrochemical and photoelectrochemical/photochemical approaches, 
along with their required energy input and operating conditions. Then, we propose a case study on lignocellulose-derived 
furfural hydrogenation, in which we evaluate the opportunity of replacing established thermocatalytic processes with solar-
powered electrochemical processes. We show that there exist a range of conditions in which it is more beneficial to 
transform furfural electrochemically, and that expanding these considerations to other biomass valorization processes 
would be useful. Finally, we describe how including integrated solar-powered chemical transformation into biorefinery 
plants unlocks novel strategies and synergies for future biorefinery designs. Overall, we conclude that there is an interest in 
supplying solar energy and electrons directly to the catalytic transformations, provided that dedicated and specific catalysts 
and processes are developed for this purpose.

Introduction

Modern societies are fully dependent on a large array of carbon-
based chemicals, including fuels, plastic materials, or 
pharmaceuticals. Their current industrial production 
overwhelmingly rely on fossil resources, used both as feedstock 
and energy source. While this fossil-fuelled petrochemical 
industry has successfully supplied the world with crucial 
chemicals for the past decades, it is also currently one of the 
main contributors to ever-increasing levels of atmospheric CO2. 
As such, it is directly responsible of deleterious effects on the 
climate, and ultimately human populations, on a global scale. 
Thus, a shift away from this model and the implementation of 

carbon-neutral alternatives ‒ the so-called “defossilization” of 
the chemical industry  ̶   is urgently needed. However, a systemic 
change of this magnitude is certainly a tall order and will likely 
only be achieved through the deployment of complementary, 
location-dependent, technological approaches on different 
scales, and with different levels of integration. One appealing 
approach consists in advancing solar-driven biorefineries, i.e. 
structures powered by carbon-free electricity in which 
feedstocks composed of contemporary carbon are converted to 
value-added commodity chemicals in a circular fashion. In this 
context, the largest reservoir of renewable complex carbon-
based molecules is the biomass, and it has therefore naturally 
been considered as a prime feedstock for biorefineries. While 
initial efforts, in particular for the production of defossilized 
biofuels, have focused on using vegetable oils and sugars, they 
were and are still in direct competition with the production of 
crops for food production. This raises ethical concerns and is 
also likely to worsen the transgression of the planetary 
boundary on land use change.1,2  More recent developments 

a.Université Claude Bernard-Lyon 1, CNRS, IRCELYON, UMR 5256, Villeurbanne F-
69100, France

Supplementary Information available: list of equations and parameters used in the 
techno-economic modelling. See DOI: XXX
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Figure 1 Illustration of the general value-chain of carbon-based chemicals involved in lignocellulose valorisation and solar-to-chemical technological solutions available 
to carry them out inside solar biorefineries

instead focus on the valorisation of the non-edible part of 
biomass, consisting primarily of lignocellulosic biomass waste or 
algae.3,4 Lignocellulosic biomass can itself be divided in three 
main polymeric chemical components: lignin, cellulose and 
hemicellulose. Together they exhibit a rich chemistry through 
phenolic units (in lignin), C6 sugar units (in cellulose and 
hemicellulose) and C5 sugar units (in hemicellulose) prone to be 
harnessed in dedicated infrastructures. Corresponding 
lignocellulosic biorefinery models typically include two 
sequential processes: (i) a pre-treatment or primary refining to 
separate lignin, cellulose and hemicellulose and (ii) a secondary 
refining, involving a range of catalysed processes to break 
down, upgrade and functionalize these three polymeric 
substrates and generate value-added chemicals.5 Currently, the 
processes used in this secondary refining take inspiration from 
the long-established catalytic petrochemical refining industry, 
and often involve heating under pressure of reactive gases (O2, 
H2) and/or liquid (alkaline or acidic water, organic solvents). 
While it is possible to drive these processes with carbon-free 
electricity through resistive heating and electric compressors, 
and to employ decarbonized reactive gases (e.g. obtained 
through water electrolysis or separated from air by pressure 
swing adsorption), there is also an opportunity to directly use 
these “green” electrons to perform some of these processes 
electrochemically. Thus, developing electrocatalytic biorefinery 
models presents the double advantage of removing energy 
conversion systems (electricity-to-heat, electricity-to-pressure) 

from the balance of plant, and directly using water under 
ambient conditions rather than pressurized reactive gases as a 
source of oxygen atoms and protons to perform redox 
processes. Finally, one additional level of integration for solar 
biorefineries would consist in directly powering chemical 
transformations with solar photons in photocatalytic or 
photoelectrocatalytic reactors. While all these integrated solar-
to-chemical approaches, illustrated in Figure 1, could in 
principle lead to improved performance and reduced footprint 
for solar biorefineries, their development currently remains in 
its early stages, and there is a lot of uncertainty in the required 
conditions necessary for their practical and competitive 
implementation compared to more mature technologies. This 
critical review, in addition to providing a snapshot of the current 
state-of-the-art in solar-to-chemical approaches for the 
valorisation of lignocellulose, aims at proposing relevant lines of 
reflection on the basis of a concrete case study around furfural, 
a major bio-based chemical already produced on an industrial 
scale. Here, we aim at providing a valuable contribution to the 
development of the rapidly expanding field of investigation on 
solar biorefineries and the defossilization of the chemical 
industry at large.

1. Solar-to-chemical approaches in biorefineries
As briefly mentioned in the introduction, there are several ways 
to power chemical transformations in biorefineries by sunlight, 
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with different levels of technological integration (see Figure 2). 
In the particular case of lignocellulose, its activation and 
conversion are notably difficult because of (i) the sturdiness and 
low chemical reactivity of lignin that hinder the reactive 
availability of cellulose and (ii) the crystallinity of cellulose 
domains themselves, which grants them a high resilience 
towards hydrolysis. Therefore, an initial fractionation step is 
required: lignin, cellulose and hemicellulose are typically 
separated by a preliminary chemical treatment in appropriate 
solvents, such as a combination of concentrated acid and 
acetone or ethanol,6,7 or more recently in ionic liquids or deep 
eutectic solvents,8–10 followed by separation and purification 
steps.

Figure 2 Illustration of possible approaches to implement solar-powered processes in 
lignocellulose biorefineries for the production of value-added chemicals from raw 
biomass

Alternatively, approaches involving bacterial or enzymatic 
processing are also developed to activate lignocellulose.11,12 
Inside a solar biorefinery, it is easily conceivable to provide the 
energy required for these treatments under mild conditions of 
temperature and pressure through solar electricity. At the 
outset of this fractionation step, lignin, hemicellulose and 
cellulose can be processed independently for further 
valorisation inside the plant.

1.1 Thermocatalytic processes powered by solar electricity

The simplest approach for the upgrading of pre-treated 
lignocellulose fractions, with a minimal degree of integration, 
consists in carrying out thermocatalytic reactions in reactors 
powered by renewable solar electricity (or potentially directly 
by solar heating). A large number of excellent reviews are 
available on recent progresses achieved in the very active field 
of thermocatalytic lignocellulose valorisation, the details of 
which will not be extensively covered in this manuscript.5,13–21 
Instead, we provide an overview of representative processes 
and the conditions of temperature and pressure they require. 
Figure 3a summarizes the ranges of pressures and 
temperatures involved in typical biomass treatment processes. 
Importantly, specific and distinct value chains can be derived 
from each component of lignocellulose (lignin, cellulose, 
hemicellulose) in a biorefinery. A (non-exhaustive) selection of 
the corresponding transformations is provided on Figure 3b-d, 
and the associated processes are discussed in the following 
section.

1.1.1 Lignin conversion

A wide range of thermochemical techniques have been developed to 
break down and valorise lignin. Typically, a primary treatment is 
conducted to generate small oligomers (generally under the form of 
a bio-oil). This difficult transformation requires relatively harsh 
conditions in temperature, pressure or chemical reactivity and is 
usually performed either by pyrolysis, or hydrothermal treatments 
(carbonization, liquefaction or gasification). This step generates bio-
oils with a high percentage of oxygen atoms (typically above 30 
wt.%), which causes them to be more unstable and more corrosive 
than their fossil counterparts, mainly composed of less-reactive 
carbon-carbon and carbon-hydrogen bonds. For this reason, a 
second step of deoxygenation is required to stabilize bio-oils before 
their conversion to value-added chemicals. The most common 
process to perform this stabilization is termed hydrodeoxygenation 
(HDO) and consists in heating raw bio-oil (at 200-400°C) under H2 
pressure (50-200 bars) in the presence of heterogeneous (often 
bifunctional) catalysts.22,23 The bio-oil obtained after the HDO step 
typically contain 70-100% less oxygen than initially, and can be 
further processed for use in the energy or chemical industries. This 
stabilized bio-oil still contains a wide range of (mostly cyclic) aromatic 
and aliphatic compounds with varied molecular weights. Smaller 
aromatic compounds, labelled as BTX (for benzene-toluene-xylene), 
can be used as high-tonnage feedstock for the chemical industry, 
while cyclic aliphatic compounds (cyclohexane and its derivatives) 
are typically used as solvents or primary reagents on an industrial 
scale. Moreover, lignin-derived bio-oil is also considered as an 
attractive feedstock for the development of sustainable aviation 
fuels (SAF). However, obtaining the ideal aromatic/aliphatic ratio in 
the oil composition, complying with the physico-chemical 
requirements of jet engines, remains a challenge. Overall, despite 
outstanding challenges, lignin is considered as a promising biomass 
feedstock to specifically replace the petrochemical naphtha and its 
value chain in biorefineries.

Page 4 of 34Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

la
i 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

7/
07

/2
02

5 
03

:2
6:

48
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5GC01462J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc01462j


Please do not adjust margins

Please do not adjust margins

Journal Name ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 4

Figure 3 a) Selection of thermochemical processes integrated in lignocellulose biorefineries organized as a function of their operating temperature and pressure ranges. Illustration 
of possible associated value chains for lignin (b), cellulose (c) and hemicellulose (d). BTX = benzene, toluene, xylene; 2-MF = 2-methylfuran; 2-MeTHF = 2-methyltetrahydrofuran; 
THFA = tetrahydrofurfuryl alcohol
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1.1.2 Cellulose and hemicellulose conversion 

The main conversion pathway of cellulose consists in conducting its 
hydrolysis, catalysed in acidic solution or on the acidic surface of a 
heterogeneous catalyst. This is performed at ambient or mild 
temperatures (25 – 150°C) and results in the formation of sugars 
(glucose, arabinose, xylose, etc.). Glucose (the main product of 
cellulose hydrolysis) can be transformed to sorbitol under 
hydrogenation conditions, at the surface of Ru or Ni catalysts.24 
While nickel presents the advantage of lower cost and lower criticity, 
it has been reported to undergo leaching under hydrogenation 
conditions, leading to catalyst deactivation and additional product 
purification. Moreover, glucose hydrogenation requires high 
pressures of H2 (40-80 bars). To address these shortcomings, recent 
works have focused on transfer hydrogenation strategies with 
increasing success.25–27 Another value chain involves the 
isomerization of glucose to fructose in the presence of a Lewis acid 
(e.g. Sn-doped or NaX zeolites, hydrotalcites).24 The main limitations 
of this process are its endothermicity (H ~ 3 kJ.mol-1) and 
reversibility (K ~ 1 at 25°C), requiring efficient equilibrium 
displacement to reach high conversion yields.   Fructose can itself be 
decomposed into dihydroxyacetone (DHA) and glyceraldehyde 
through a retro-aldol process in the presence of a Lewis acid, en route 
to lactic acid. Fructose can also be dehydrated under Brønsted acidic 
conditions to generate 5-hydroxymethylfurfural (HMF).24,28 This can 
be done homogeneously using inorganic or organic acid catalysts or 
metal chlorides.  This can also be performed heterogeneously at the 
surface of zeolites, metal phosphates, metal-organic frameworks or 
functionalized silica. Considering the need for both types of acidities, 
heterogeneous catalysts exhibiting both Lewis and Brønsted acidic 
sites are increasingly under scrutiny to perform the one-pot 
conversion of glucose to HMF.29–31 However, it is clear that an 
advanced mechanistic understanding of fructose conversion at these 
Brønsted and Lewis acidic sites is required to fine-tune and optimize 
the selectivity towards HMF or DHA/lactic acid. Additionally, the use 
of biphasic solvent systems has proven useful in HMF synthesis, as it 
helps shifting the equilibrium towards the product.32–35 Finally, the 
oxygenated products resulting from the aforementioned processes 
can themselves be further converted to C6 cyclic ethers, n-hexanol, 
2-hexanone or hexane by regular HDO. 

Glucose can alternatively be oxidatively converted to gluconic or 
glucaric acid.  The production of gluconic acid is typically performed 
with supported Pt, Pd or Au, on TiO2 or carbon, in alkaline conditions, 
and under low pressure of O2 or air (1-5 bars).24,36–38 While non-noble 
metal alternative are under investigation, no convincing candidate 
has shown promise for a scaled-up process, and Au remains the best 
trade-off between activity, stability and cost to date. Glucaric acid 
can be obtained with Pt-based catalysts in neutral or alkaline 
conditions, but at higher O2 pressures (above 10 bars) and 
temperatures (80-100°C).36–39 Moreover, selectivity for glucaric acid 
remains low, due to the high number of side process that 

intermediate can undergo, typically leading to C-C cleavage events 
and resulting in the production of smaller carboxylic acids. 

On the other hand, HMF can be oxidized to furandicarboxylic acid 
(FDCA), a bioplastic precursor. Again here, Pt, Pd, Ru and Au are the 
most efficient catalyst to perform this process with O2 as the oxidant, 
(1-10 bars), under mild temperatures and in alkaline conditions. 
Supporting nanoparticles of these metals on oxide supports as 
proven a successful approach to reach complete selectivity towards 
FDCA. We direct the reader to a number of recent reviews detailing 
catalytic approaches for these processes.24,36,40–43 

While the value chain of cellulose is centred on C6 sugar conversion, 
the hydrolysis of hemicellulose similarly allows to access C5 sugar 
chemistry via the xylose molecule.  The main valorisation pathway 
for xylose currently consists in dehydrating it into furfural in the 
presence of Lewis and Brønsted acid catalysts, such as acidic zeolites 
or char impregnated with metal chlorides. This is already deployed 
on an industrial scale through the Quaker Oats, Agrifuran, Petrole-
Chimie Escher Wyss or Rosenlow processes.44 Furfural can then be 
upgraded into furfuryl alcohol (a component of industrial binders and 
glues), 2-methylfuran or tetrahydrofurans (potential biofuel 
additives, biofuel precursors or even drop-in biofuels, as well as 
green solvents)45–47 under controlled HDO conditions. The 
hydrogenation reaction towards furfuryl alcohol is usually performed 
with noble metal catalysts (Pt, Pd, Ru), often supported on metal 
oxides, or alternatively on Cu, Co or Ni oxide surfaces, inside an 
alcohol solvent, around 10 bars of H2 and below 120°C.44,48 Using the 
same catalysts and increasing the pressure of H2 above 10 bars 
usually allows to access more reduced tetrahydrofurans. Finally, 2-
methylfuran is usually obtained at higher temperature (above 200°C) 
and above 10 bars of H2 (or using small alcohols as hydrogen donors 
in transfer hydrogenation schemes). Typical catalysts are again 
carbon- or oxide-supported noble metals (Pt, Ru, Pd) or Cu or Ni-
based materials.44,49,50 Furfural can alternatively be oxidatively 
converted to furoic acid, a precious platform for the synthesis of fine 
chemicals.51 This is typically performed on Au-based catalysts, 
although transition metals such as Cu and Mn have recently been 
explored. Finally, as with glucose, xylose can be reduced to xylitol (a 
sweetener used in the food industry) or oxidized to xylonic or xylaric 
acid (a bioplastic precursor). Finally, both HMF and furfural can be 
catalytically be broken down into formic acid and levulinic acid. This 
is once again performed in reductive conditions, with a combination 
of Lewis and Brønsted acid sites.36 The former catalyses the 
hydrogenation of the furan ring, while the latter catalyse the 
hydrolysis and ring-opening leading to the final product. Using 
bifunctional Lewis and Brønsted acidic catalysts, and isopropanol as 
a hydrogen donor (instead of high pressures or H2), allows to access 
-valerolactone from levulinic acid (or directly from HMF or furfural 
in a one-pot fashion), a non-toxic chemical with applications as bio-
fuel component, lubricant, or green solvent. 

Overall, the conversion of cellulose and hemicellulose mainly 
involves Lewis and Bronsted acidic catalysts, in liquid media, under 
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pressure of reactive O2 or H2 (with the exception of transfer 
hydrogenation approaches). The use of noble metals in 
hydrogenation reactions also remains the standard, despite the 
more recent development of transition metal alternatives.  Still, 
these processes tend to be driven in much milder conditions than the 
lignin conversion described in the previous section.

In summary, the different thermal or thermocatalytic processes 
involved in the conversion of lignocellulose to valuable chemicals and 
fuels involve temperatures in the 100-1000°C range (can be lowered 
to 150-600°C if the charring stage of pyrolysis is excluded) and high 
pressures of reactive O2 or H2 gas (in particular in the HDO steps). 
Additionally, the use of critical materials and/or organic solvents is 
often required. Thus, to conduct these processes in a carbon-neutral 
fashion it is necessary to use electrical ovens running on renewable 
electricity or to drive the processes photothermally. In fact, recent 
progress on the latter approach showed promises for synergistic 
integration in solar biorefinery.52 However, despite the manifest 
interest of this approach, the relatively low amount of literature 
available as of now on the topic make it difficult to assess compared 
to other technologies. Moreover, operating carbon-neutral 
reduction processes implies to rely either on natural H2 sources 
(whose unclear abundance and/or dilution currently hinders its 
reliability for the needs of the chemical industry) or to produce it 
from water by means of solar-powered electrolysers, which is the 
preferred strategy in most energy transition roadmaps. However, 
directly driving the conversion of biomass resources through 
electrocatalytic processes offer interesting alternative 
complementary or potentially more efficient pathways to generate 
target value-added molecules.

1.2 Electrocatalytic processes powered by solar electricity

An attractive alternative to defossilizing thermocatalytic high-
temperature, high-pressure processes is to drive these processes 
electrocatalytically instead. Contrary to thermally-driven redox 
processes, involving O2 or H2 gas as oxidant or reductive reagent, 
respectively, electrochemical processes proceed through concerted 
or sequential exchanges of protons (with the typically aqueous 
media) and electrons (with the electrode). Regarding reduction 
processes, two main mechanisms are observed: 

(i) Electrochemical hydrogenation (ECH): the adsorbed organic 
substrate chemically reacts with adsorbed hydrogen atoms (H*) 
produced through a Volmer step (H+ + e- → H*). 

(ii) Proton-coupled electron transfer (PCET): a proton from the 
solution and an electron from the electrode are simultaneously 
transferred to the adsorbed organic substrate.

Similarly, oxidation processes can proceed through one of two 
pathways:

(i) Electrochemical dehydrogenation or indirect oxidation: the 
electrocatalyst surface is first oxidized (and releases a proton or 
a molecule of water to the electrolyte and an electron to the 
electrode), and subsequently oxidizes the adsorbed organic 
substrate while returning to its initial oxidation stage. 

(ii) Proton-coupled electron transfer (PCET) or direct oxidation (see 
above)

These processes are very efficient at forming or breaking C-H or C-O 
bonds under standard electrochemical conditions. Moreover, while 
the formation of C-C bonds and oligomerization can also be easily 
accessed (especially at high concentrations in organic substrate), the 
breaking of C-C bonds in the polymer backbone is more challenging 
in mild conditions of temperature (below 100°C) and pressure (1-10 
bars) encountered in conventional electrolysers. For these reasons, 
to date, most efforts have been focused on the valorisation of small 
platform compounds found in pyrolytic or hydrothermal bio-oils 
(phenolic molecules, alcohols, carboxylic acids) or hydrolysis 
products (sugars and furanic compounds) rather than on the direct 
valorisation of lignocellulose or its primary polymeric components.

1.2.1 Reduction processes 

As mentioned in the previous section, there is a strong interest in 
removing oxygen atoms from compounds in lignocellulosic bio-oils, 
so as to improve their chemical stability and processability. 
Therefore, a lot of effort has been devoted to the development and 
optimization of reduction electrocatalysts for biomass valorisation. 
For instance, the electrochemical reduction of furfural has been 
extensively studied on copper surfaces, where three main products 
can be obtained: furfuryl alcohol, 2-methylfuran and hydrofuroin, 
resulting from the reductive coupling of two furfural molecules.53–70 
The selectivity of the process is strongly affected by the pH of the 
electrolyte, the concentration of furfural and, to a lesser extent, the 
counter ions present in the electrolyte. Indeed, it was reported that 
furfural can be selectively converted to furfuryl alcohol in dilute 
neutral and alkaline conditions, while it is preferentially converted to 
2-methylfuran under acidic conditions (albeit with a stronger 
competition from the hydrogen evolution reaction). Glucose 
reduction into sorbitol has also been performed 
electrocatalytically,71,72 but only with moderate faradaic efficiencies 
(FE), topping at 57% at the surface of Zn-Fe in mildly alkaline 
electrolyte (pH 11).73 The process has further been studied in mildly 
acidic to mildly alkaline conditions at the surface of Zn,74,75 Ni76 and 
Pb-based74,77,78 electrodes, with FE in the 15-40% range. 
Alternatively, the reduction of small lignin-derived phenolic 
compounds (phenol, guaiacol, catechol, cresol) was also performed 
in electrochemical reactors, typically using Ni, Pd, Pt, or Rh-based 
cathodes in acidic conditions.79,80 While the hydrogenation of the 
aromatic ring was reliably and successfully achieved under cathodic 
bias, the hydrogenolysis of the methoxy or phenol moieties were 
hardly observed under electrochemical conditions (as opposed to 
thermochemical HDO where hydrogenolysis can be selectively be 
performed to generate BTX compounds). Moreover, in reports 
available to date, the electrochemical hydrogenation of phenolic 
compounds usually proceeds through an indirect mechanism, where 
the limiting step (H transfer to the organic substrate) is chemical in 
nature and therefore insensitive to potential bias. Unfortunately, this 
strongly limits the advantage of using electrocatalytic processes 
compared to thermocatalytic HDO, since the catalytic mechanism is 
effectively limited by the same elementary step. Another reduction 
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process under investigation for biomass valorisation is the 
conversion of levulinic acid to valeric acid. Indeed, valeric acid has 
been identified as a possible intermediate en route to so-called 
“valeric biofuels”, essentially composed of valeric esters.81 It is 
currently produced industrially through the hydroformylation of 
fossil-based 1-butylene, while its synthesis from biomass-derived 
levulinic acid involves several catalytic steps: dehydration of levulinic 
acid to -valerolactone, ring opening to 3-pentanoic acid, and 
hydrogenation to valeric acid. While all these steps can be performed 
in one-pot, the process relies on high temperatures and pressures, 
and precious metal catalysts (e.g. Pt, Ru, Pd) prone to deactivation 
through coking. In this context, electrocatalysis offers an attractive 
alternative: levulinic acid can be converted selectively to valeric acid 
at the surface of Pb, Cd, Zn or In electrodes in acidic conditions.82,83  
It is clear that some reduction products (mainly hydrogenated 
aromatic rings) remain practically inaccessible through 
electrocatalysis so far, thereby restricting the deployment of the 
technology to a smaller scope of products. Still, the use of water as a 
hydrogen donor and a generally easier use of transition metals under 
stable conditions compared to the thermocatalytic processes 
discussed in the previous section, justifies to investigate 
electrocatalytic pathways in the context of green chemistry. For all 
the reduction processes outlined in this section, substituting 
traditional thermal catalysis by electrocatalytic processes offers the 
common advantages of avoiding high pressures of H2, high 
temperature and catalyst deactivation through coking, while offering 
good selectivity to value-added product. However, the 
competitiveness of electrocatalysis compared to thermal catalysis 
remains to be established through energy efficiency and cost 
comparisons, as well as durability measurements which are scarcely 
performed and reported in the literature. We address part of this 
knowledge gap in section 2.

1.2.2 Oxidation processes 

While less relevant for the production of energy carriers, the 
electrocatalytic oxidation of biomass-derived chemicals has the 
potential to simultaneously generate value-added chemicals as 
feedstocks for the chemical industry and lower the energetic cost of 
electrolysis by replacing the ubiquitous water oxidation to oxygen 
balancing the majority of reduction processes in aqueous media. In 
recent years, the electrocatalytic oxidation of HMF to FDCA has 
known a rapid surge in interest and is currently the object of a very 
active global investigation work. FDCA has been identified as a 
promising replacement for the terephthalic acid monomer in 
polyethylene terephthalate, a plastic material extensively used in 
packaging. The biomass-based polymer produced from FDCA and 
ethylene glycol, polyethylene furoate, has indeed shown satisfying 
mechanical and chemical properties as replacement.84,85 Taking 
inspiration from alkaline water oxidation anodes, Ni-based materials 
have been shown to catalyse the indirect electrochemical oxidation 
of HMF to FDCA with 100% selectivity at high pH.86–99 However, this 
technology faces some limitations, as the generation of Ni(III)OOH 
species from Ni(II) at the surface of the electrode is required to 
trigger the oxidation of HMF (indirect oxidation pathway) and only 

occurs at potentials more than 1V higher than the standard oxidation 
potential of HMF (estimated around +0.3 V vs. RHE).100,101 This results 
in important overpotentials and thus energy losses in the process. Ni 
has been combined with other metals (Co, Cu, Cr and Fe) to improve 
its activity or in an attempt to shift the onset of catalytic oxidation 
towards more cathodic potentials, but only with moderate 
success.102 Other anode materials have been employed for HMF 
oxidation in basic pH, including Au,103 Au-Pd,104–106 Co,107–110 Pt,111 
and Mo.112  Moreover, the electrochemical oxidation of HMF has also 
been studied at lower pH on Au,113 Pd, Ru114,115 and Mn-
containing116,117 anodes. In summary, FDCA can be selectively 
obtained at the surface of Ni, Co, Mn and Mo at room temperature 
in a similar range of (relatively high) operating oxidation potentials. 
On the other hand, Au, Pt, Pd and Ru can convert HMF at much lower 
potentials, but at the expense of selectivity, as diformylfuran (DFF), 
5-hydroxymethl-2-furoic acid (HMFCA), and 5-formyl-2-furoic acid 
(FFCA) are also obtained in high quantities. Interestingly though, the 
selectivity can be better directed towards FDCA by alloying metals 
(Au-Pd)104 or raising the temperature of the reactor.115 Moderate 
heating also helps improving the solubility of FDCA at low pH, which 
can then be easily recovered by recrystallization at ambient or lower 
temperature. Still, an important challenge of performing oxidation 
processes at low pH is to make sure that the electrodes are 
chemically resilient to the operating conditions and do not leach into 
the electrolyte over time. So far, little can be found in the literature 
on this front for acidic/neutral electrochemical HMF oxidation. 

Another valorisation pathway accessible electrochemically consists 
in directly oxidizing glucose, and converting it to gluconic or glucaric 
acid, or arabinose. These products have significant economic value 
for applications in the cosmetics and pharmaceutical industries, but 
their market remains relatively small compared to commodity 
chemicals like fuels and plastics. Thus, for larger scale development, 
it is also possible to target the conversion and break down of glucose 
to formic acid, a potential energy carrier for emerging fuel cell 
technologies. The electrocatalytic oxidation of glucose is typically 
performed in alkaline conditions on Pt,118,119 Pd,119,120 Au,119,121,122 
Mn123 or Ni-based122,124–126 anodes. Interestingly, glucose can be 
oxidized at lower potential than HMF,127 resulting in lower energy 
requirements. This can be leveraged to improve the efficiency of an 
electrochemical process generating a valuable reduction product at 
the corresponding cathode. In this case, the complete oxidation of 
glucose to CO2 at the anode can also be considered as a “clean” way 
to lower the working voltage of an electrolyser where only the 
reduction product stays in the liquid phase. Similarly, xylose obtained 
from hemicellulose can be oxidized to xylonic, xylaric or formic acid, 
or all the way to CO2 on the same anodes. However, one important 
drawback of electrochemical polyol oxidation is the tendency of 
some intermediates (acyl, carbonyl) to poison the surface of the 
electrode, thus necessitating to include frequent anode regeneration 
steps in the process.119,128

Finally, the electrochemical oxidation of lignin monomers and 
oligomers, or even actual lignin, has also been investigated.129,130 As 
the most common linkage in lignin is the  -O-4 linkage, model 
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compounds exhibiting this linkage have been subjected to 
electrochemical oxidation in several conditions. Using redox 
mediators such as 2,2,6,6-tetramethyl-1-piperidine N-oxyl (TEMPO) 
or 4-acetamido-TEMPO (ACT), the -O-4 linkage can be oxidized to a 
carboxylate moiety in basic conditions at the surface of a glassy 
carbon electrode,131 or in the absence of mediator at the surface of 
PtRu132 or carbon-based133 electrodes. This carboxylation can be 
leveraged to further break the linkage and initiate lignin 
depolymerization under acidic conditions. It is also possible to effect 
the oxidative breaking of -O-4 linkage in a sequential process 
involving an electrocatalytic oxidation followed by a photocatalytic 
cleavage involving an Ir complex in organic medium.134 
Unfortunately, the use of redox mediators in organic solvents suffers 
from chemical mediator degradation over time and is unlikely to be 
easily scalable.  Regarding more practical applications, the 
electrocatalytic oxidation of lignin has been investigated as early as 
1946 on a Pb anode in sodium hydroxide.135 Since then, alkaline 

electrolytes have mostly been favoured as they can result in (partial) 
depolymerization of lignin. Anodes in PbO2,136–139 IrO2,140 NiSn,141 Pt-
Ru142 or the more complex Ti/SnO2-Sb2O3/PbO2

143 have been 
evaluated for this purpose. Overall, all these electrodes allow to 
depolymerize a fraction of the lignin and convert it to valuable 
chemicals such as vanillin, phenolic oligomers or small carboxylic 
acids. Still, selectivity remains an important issue, as many different 
products are usually generated (often more than 10 identified 
products and a large amount of unidentified chemicals). To address 
this, innovative cell designs are being explored. For instance, the use 
of nanofiltration membranes was proposed to collect 
depolymerization products in a separate compartment and avoid 
degradation while facilitating separation.144 However, the use of 
nanofiltration requires high-pressure and is prone to membrane 
fouling by organic chemicals over time. It is also possible to perform 
lignin electrolysis at higher temperature (100-200°C) by dissolving 
lignin in pure phosphoric acid and directly soaking it on Pt anodes. 

Table 1 Recent reports of full-cell electrocatalytic processes for the valorisation of lignocellulosic biomass 

Reaction (oxidation and reduction) Conditions Ref

HMF to FDCA and H2 evolution

Anode: Pd/Ni(OH)2 in 2 M NaOH + 10 mM HMF 
Cathode: 20% Pt/C in 1 M NaOH
Proton exchange membrane (Nafion 117)

FE = 97% (FDCA), E = 0.85 V, 
J = 12 mA.cm-2

-------------------------

Anode: Co - Ni2P in 1 M KOH + 100 mM HMF 
Cathode: Pt-coated Ti in 1 M KOH
Anion exchange membrane (FAB-PK-130)

FE = 97% (FDCA), E = 1.8 V, 
J = 100 mA.cm-2

100

101

HMF to FDCA and CO2 to CO

Anode: NiFeOx/Ni foam in 1 M KOH + 10 mM HMF
Cathode: Ni-N-C/PTFE gas diffusion electrode
Bipolar membrane (Fumasep FBM)

FE = 97% (CO) and 23% (FDCA),
E = 3.1 V, J = 100 mA.cm-2

145

HMF to FDCA and CO2 to HCOOH

Anode: NiCoOx/Ni foam in 1 M KOH + 0.1 M HMF
Cathode: Cu1Bi/C gas diffusion electrode
Anion exchange membrane (Sustainion X37-50)

FE = 90% (HCOOH) and 85% (FDCA),
E = 2.35 V, J = 150 mA.cm-2

146

Furfural to furoic acid and H2 evolution
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Anode: NiFeOx/Ni foam in 1 M KOH + 0.1 M furfural
Cathode: Pt/C electrode in 1 M KOH
Bipolar membrane (Fumasep FBM)

FE = 97% (furoic acid) and 100% (H2),
E = 2.0 V, J = 50 mA.cm-2

147

Glucose to glucaric acid and H2 evolution

Anode: NiFeOx/Ni foam in 1 M KOH + 0.1 M glucose
Cathode: NiFeNx/Ni foam in 1 M KOH 
Anion exchange membrane (AMI-7001)

Yield = 54%, E = 1.4 V,
J = 100 mA.cm-2

124

Glucose to gluconic acid and H2 evolution

Anode: Pd3Au7/C in 0.1 M NaOH + 0.1 M glucose
Cathode: Pt/C in 0.1 M NaOH + 0.1 M glucose
Paper separator

FE = 70% (gluconic acid) and 100% (H2),
E = 0.4 V, J = 1 mA.cm-2

148

O2 evolution and Furfural to furfuryl alcohol

Anode: FeCo in 1 M K2CO3

Cathode: Cu/C in 1 M K2CO3 + 0.1 M furfural
Anion exchange membrane (Sustainion X37-50)

FE = 58% (furfuryl alcohol),
E = 1.8 V, J = 30 mA.cm-2

69

O2 evolution and Guaiacol to 2-methylcyclohexanol

Anode: Ir black in 1 M NaOH
Cathode: PtRhAu in 0.2 M HClO4 + 120 mM 
guaiacol
Bipolar membrane (Fumasep FBM)

FE = 60% (2-methylcyclohexanol),
E = 2.6 V, J = 60 mA.cm-2

149

HMF to FDCA and HMF to DHMTHF

Anode: Vanadium nitride in 1.0 M KOH + 10 mM 
HMF
Cathode: Pd/ Vanadium nitride in 0.2 M HClO4 + 10 
mM HMF
Bipolar membrane (TRJBM)

E = 2.5 – 3.0 V, J = 100 mA.cm-2

150

Ethylene glycol to glycolic acid and Levulinic acid to -valerolactone
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Anode: PtRu in 1.0 M KOH + 2 M ethylene glycol
Cathode: PtRu/C in 0.2 M HClO4 + 0.1 M levulinic 
acid
Proton exchange membrane (Nafion 117)

FE = 5 – 40%, E = 0.4 – 0.6 V, 
J = 10 – 30 mA.cm-2

151

Lignin oxidation and H2 evolution

Lignin + H2O  Oxidized chemical(s) + H2

Anode: PtRu in 1.0 M KOH + 10 g.L-1 lignin
Cathode: Pt/C in 1.0 M KOH 
Anion exchange membrane (Fumapem FAA-3-50)

FE = 100% (H2), E = 0.5 – 0.7 V (90°C),
J = 1 – 4 mA.cm-2 (90°C)

142

In this case, the main product is CO2, which significantly lowers the 
required voltage compared to water oxidation, but also strongly 
limits the chemical valorisation of the lignin substrate.152 In all cases, 
however, anode poisoning remains an important issue for the direct 
electrooxidation of lignin. 

Overall, the electrocatalytic oxidative or reductive valorisation of 
molecules involved in the value chain of lignocellulose has recently 
become a very active field of investigation. Several processes, 
particularly involving monomers, have been demonstrated to reach 
excellent selectivity and stability, and quickly improving activities 
under ambient conditions in half-cell investigations. In the following 
section we detail how some of these processes have been combined 
into complete, fully functional electrochemical devices at the lab 
scale. 

1.2.3 Full cell processes

While an increasingly large number of publications describe 
electrocatalytic measurements (voltammetry and chrono-
amperometry) obtained for one specific half reaction, reports on the 
performance of complete devices operating in a two-electrode 
configuration are scarcer. A collection of recent studies on 
electrochemical biomass valorisation operated in complete cells is 
provided in Table 1.  In most cases, the oxidative or reductive 
valorisation processes described in the previous sections are coupled 
with the hydrogen evolution reaction or the oxygen evolution 
reaction, respectively. Indeed, coupling biomass valorisation with 
water dissociation has several advantages: (i) water is abundant, 
nontoxic, and is usually used as the solvent anyway, (ii) converting 
the solvent essentially removes mass transport limitation at the 
counter electrode, (iii) the evolved products (H2 or O2) are gaseous 
and can be selectively produced at the surface of electrocatalysts 
optimized by several decades of research work, guaranteeing a clean 
counter reaction. Still, some recent reports also deal with the paired 
oxidative and reductive valorisation of biomass-derived chemical at 
the anode and the cathode respectively. One immediate advantage 
of running these two types of processes simultaneously, besides the 

cogeneration of valuable products, is the possibility to operate under 
very low cell voltage, allowing for better durability, and lower energy 
cost for the system. Indeed, the lowest theoretical cell potential 
required to drive a given electrochemical process can be approached 
by the difference between the standard redox potentials associated 
with the oxidation and reduction processes. A general ordering of 
these potentials on the electrochemical potential scale is provided in 
Figure 4. It is clear that while, in general, little gain in operating 
power can be hoped by performing biomass reduction instead of the 
HER (0.1 - 0.2 V), on the contrary, replacing the OER with an oxidative 
valorisation process typically drastically lowers the thermodynamic 
requirements (more than 1 V). This opens the way for a multitude of 
integration strategies where value-added chemicals can be co-
generated at a reduced energy cost (but at the price of increased 

complexity in chemical selectivity and separation). In addition to the 
possibility of driving these processes at low voltage compared to 
water splitting, it is interesting to note several instances where the 
oxidation and reduction products are in different phases (e.g. FDCA 
and H2, FDCA and CO, furfuryl alcohol and O2, methoxycyclohexanol 
and O2), thus simplifying the separation and even potentially 

Figure 4 Relative position of standard redox potentials associated with a selection of 
lignocellulose-derived chemicals on the RHE scale
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Figure 5  Schematic representation of photocatalytic and photoelectrocatalytic (PEC) systems involving one or two light absorbers.  Important differences between the two types of 
systems include (i) a dispersed vs. monolithic architecture and (ii) charge transport through diffusion (Jdif) vs. drift (Jdrift) currents.

removing the need for a ionomer membrane in the system. 
Moreover, carboxylic acids can often be easily 
precipitated/crystallized out of water, while reduction products can 
often be easily evaporated and condensed in a different 
compartment due to their high vapor pressure and low water 
solubility. These considerations give hope that replacing thermally-
driven with electrochemical processes will afford better energy 
efficiency, while retaining straightforward product separation. 
However, it is apparent from Table 1 that, while a number of 
processes can be driven at reduced applied potential (e.g. below 1 
V), current densities remain low (typically in the 10-100 mA.cm-2 
range vs. >1 A.cm-2 for water electrolysers). These low current 
densities can be due to the low concentration of organic substrate in 
the electrolyte (lower than 0.1 M), which is sometimes required to 
achieve the desired product selectivity or to prevent the rapid 
poisoning or fouling of the electrode. Moreover, it is clear that 
directly transferring electrocatalysts from water electrolysers to 
biomass electrolysers can be sub-optimal. For instance, while Ni-
based electrocatalysts can selectively convert HMF to FDCA in 
alkaline conditions, the required pre-catalytic oxidation of Ni(II) to 
Ni(III) occurring at ca. 1.4 V vs. RHE forces the use of very high 
overpotentials (typically > 1 V), leading to much higher energy losses 
than for the oxygen evolution reaction. This highlights a need for the 
development of dedicated, fine-tuned electrocatalysts for biomass 
valorisation, as the current generation still falls short of breaching 
the technology readiness level (TRL) 3-4 mark.

1.3 Photocatalytic and photoelectrocatalytic processes

Because the use of diluted substrate conditions can be required to 
operate biomass electrolysers with good selectivity and durability, 
which in turn leads to operating current densities in the 10-100 
mA.cm-2 range, it becomes interesting to directly couple solar energy 
conversion and electrochemical biomass valorisation in one single 
device. For comparison, the solar flux reaching the surface of the 
planet is typically converted to current densities in the order of 10-
50 mA.cm-2 in photovoltaic devices, thus providing a good match 
with the aforementioned requirement in biomass electrolysis. This 
motivates the investigation of photoelectrocatalytic and 
photocatalytic systems for the valorisation of lignocellulosic biomass.

1.3.1 Photocatalytic processes 

Photocatalysis refers to processes where one or several light-
absorbing semiconductors (usually powders of nanoparticles) are 
dispersed in a liquid medium containing the molecule of interest (see 
Figure 5). Upon light absorption, charge carriers (electrons and 
holes) are generated inside the semiconductors. These charges then 
diffuse to the surface of the material where they can be involved 
(directly or indirectly) in the electrochemical conversion of the 
substrate of choice. Several comprehensive reviews have recently 
been published on the topic, and we refer the reader to them for a 
thorough overview of relevant materials and conditions in 
photocatalytic lignocellulose conversion.153–155 In short, the 

photocatalytic reduction of furfural, HMF and levulinic acid have 
been investigated, usually in the presence of a hole scavenger 
(methanol, ethanol, isopropanol, triethanolamine, formic acid…). In 
most cases, furfural is converted to either furfuryl alcohol or 
hydrofuroin, HMF to 2,5-Bis(hydroxymethyl)furan (BHMF) and 
levulinic acid to -valerolactone. These transformations have been 
conducted at the surface of a range of heterogeneous photocatalysts 
previously developed for hydrogen production or depollution 
applications (e.g. TiO2, C3N4, BiVO4, Cu2O, ZnIn2S4…), sometimes 
decorated with metal co-catalysts for the reduction reaction (e.g. Au, 
Pt, Pd…). Moreover, the photocatalytic valorisation of lignin has 
attracted a lot of interest and motivated many studies describing the 

Figure 6 Examples of model compounds used to study the redox conversion of frequent 
linkages encountered in lignin: -O-4, -O-4, 5-O-4
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photocatalytic reduction of a model compounds exhibiting a -O-4 
linkage (the most frequent linkage in lignin), such as 2-phenoxy-1-
phenylethanol (see Figure 6). The photocatalytic hydrogenolysis of 
this compound involves the sequential oxidation of the alcohol group 
and  reductive cleavage of the C-O bond by photogenerated holes 
and electrons respectively, leading to the selective formation of 
acetophenone at the surface of a range of (sometimes combined) 
photocatalysts (ZnIn2S4, TiO2, CdS).156–161 Furthermore, the 
photocatalytic reductive cleavage of -O-4 and 5-O-4 linkages, two 
secondary linkages found in lignin, has been studied in model 
compounds benzyl phenyl ether and diphenyl ether respectively (see 
Figure 6). The photocatalytic treatment of benzyl phenyl ether by 
illuminated Pd/C3N4/rGO/Bi2MoO6 (rGO: reduced graphene oxide) 
leads to toluene and phenol, but can also generate cyclohexane 
when the loading of Pd exceeds 3%.162 Similarly, diphenyl ether can 
be reduced to cyclohexane and cyclohexanol by photocatalysts 
loaded with Pt or Pd in excess of 3%.162,163 On the other hand, the 
photocatalytic oxidation (or reforming) of lignocellulose and/or its 
components has gathered interest as it combines hydrogen 
production with biomass valorisation. For instance, a CdS/CdOx 
photocatalyst has been shown to efficiently perform the reforming 
of lignocellulose under illumination in alkaline conditions,164 
producing up to 5-6 mmol(H2).gcat

-1.h-1. While oxidation products 
were not identified in full, the production of formate and carbonate 
was confirmed. When it comes to fractionated lignocellulose, the 
photocatalytic reforming of cellulose has been studied on several 
photocatalysts: Pt/TiO2

165,166, RuO2/Pt/TiO2,167 NixSy/TiO2,168 In these 
reports, CO2 is usually assumed to be the main oxidation product, but 
glucose and HMF were also detected. Interestingly, using TiO2 
decorated with acidic zeolite and Au nanoparticles inside an ionic 
liquid at 140°C yields a mixture of glucose and HMF (59% maximum 
total conversion yield after 16h for 50 mg of cellulose and 50 mg of 
photocatalyst) under visible light irradiation.169 This demonstrated 
that using multifunctional photocatalysts can be a successful strategy 
to control the selectivity of cellulose oxidation under illumination 
(producing high-value products rather than CO2). Finally, 
photocatalytic conversion of platform compounds such as glucose, 
furfural or HMF has also been investigated on inorganic and organic 
photocatalysts.66,170–176

Overall, photocatalytic processes have shown promising selectivity 
and photon yields for the reductive and oxidative valorisation of 
lignocellulosic platform and model compounds. However, most 
studies are limited to small (< 10 mL) laboratory-scale batch 
demonstrators in dilute conditions (a few mM of substrate). 
Moreover, reductive photocatalytic approaches often require the 
use of sacrificial scavengers to harvest unused photogenerated 
holes, with the notable exception of the aforementioned conversion 
of 2-phenoxy-1-phenylethanol.  It is therefore difficult to imagine the 
deployment of large-scale photocatalytic biorefineries in the near 
future. Still, the selectivity and technical simplicity associated with 
photocatalytic processes make them interesting for the production 
of small-scale high-value specialty chemicals from biomass-derived 
platform compounds. An alternative to photocatalysis to power 

chemical transformations with photons at higher rates is the use of 
photoelectrochemical systems, presented in the following section.

1.3.2 Photoelectrocatalytic processes

A photoelectrochemical (PEC) system is an electrochemical cell 
where one or both electrodes are a photoabsorber (producing a so-
called photoelectrode), thus allowing for direct solar-to-chemical 
transformations. Upon immersion of a photoelectrode inside an 
electrolyte, an equilibration of the Fermi levels, or electrochemical 
potential, of the semiconductor and the electrolyte occurs, leading 
to the establishment of a permanent electric field at the 
semiconductor-liquid junction (SCLJ). This electric field induces a 
band bending inside the semiconductor, which direction depends on 
its polarity. This band bending, absent from photocatalytic systems, 
allows the formation of drift currents (typically larger than diffusion 
currents) for photogenerated charges, and improved charge 
separation (see Figure 5). An additional advantage of PEC compared 
to photocatalysis is the possibility to apply a potential bias to the 
photoelectrode, thus favouring charge separation as well as tuning 
the adsorbate-electrode interactions for a better selectivity.175 To 
perform a PEC oxidation reaction, an n-type absorber is required to 
form a photoanode. In this case the band system is bent upward at 
the SCLJ, inducing hole transfer to the electrolyte. Conversely, 
photocathodes for reduction reactions are produced from p-type 
absorbers, generating a downward band bending at the SCLJ, and 
thus inducing electron transfer to the electrolyte. Finally, just as in 
photocatalysis, photoelectrodes can be coated with active and 
selective electrocatalysts to improve efficiency. Overall, with proper 
band alignment, connecting a photoelectrode and a dark counter-
electrode or two photoelectrodes in series affords a PEC device 
capable of operating the direct conversion of solar energy into 
chemical energy. As for the other approaches, PEC can be used to 
oxidize or reduce biomass-derived molecules or raw biomass 
components. Research on the lignocellulosic biomass solar 
valorisation has been heavily inspired by previous research on PEC 
water splitting, and stable photoanodes and photocathodes 
developed in this context have been transferred to PEC biomass 
valorization. Photoanodes are thus generally composed of n-type 
oxides while photocathodes are composed of p-type semiconductors 
spanning over a wide array of materials families, including oxides 
(e.g, Cu2O), chalcogenides (e.g, Sb2Se3), nitrides (GaN), phosphides 
(GaInP2) and covalent semiconductors (e.g, Si). Here, we propose a 
brief overview of the state-of-the-art, but we would also like to direct 
the reader towards several recent reviews for more technical details 
on this topic.177–180 A summary of the most relevant reports for PEC 
lignocellulose valorization, discussed hereafter, is provided in Table 
2.   The direct oxidation of cellulose has been demonstrated with TiO2 
and SrTiO3 photoanodes in photofuel cells coupling biomass 
oxidation and oxygen reduction reaction.181,182 In these reports, 
cellulose was fully converted to CO2 but intermediate carboxylic 
acids (e.g., formic, malonic, oxalic, and gluconic) were detected 
during the reaction.181 In particular, the production of CO2 on TiO2 
soared after one hour of illumination at 1 V vs. RHE in 2 M NaOH. 
Before 1 h, malonic, glyceric, and formic acid were the main products 
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of the reaction, highlighting that milder oxidations conditions are 
required to produce valuable molecules from cellulose.182 Surface 
modification of TiO2 with Bi2O3 and CuBi2O4 was further employed to 
steer the selectivity of cellulose oxidation towards formate, while 
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Table 2 Selection of state-of-the-art reports on photoelectrochemical lignocellulosic biomass valorization. 
FTO=F-doped SnO2, HMF=5-hydroxymethylfurfural, FFCA=5-formyl-2-furoic acid, FDCA=furan dicarboxylic acid, DFF= diformylfuran, HMFCA=5-hydroxymethl-2-furoic acid, BHMF=2,5-Bis(hydroxymethyl)furan, FLP= Phosphate-functionalized 
phosphorene, PPE=2-Phenoxy-1-phenylethanol, TMBA=3,4,5-trimethoxybenzylalcohol, DMPE=3,4-dimethoxyphenylethanol, MMPE=2-methoxy-4-methylphenol, CsFAMA=Cesium formamidinium methylammonium perovskite, FM=Field’s metal, 
PMA=phosphomolybdic acid, TEOA=triethanolamine, Cp*=C5Me5, bpy=2,2’-bipyridine, NADH=nicotinamide cofactor, TsOYE=yellow enzyme homologue from Thermus scotoductus, MCO=2-methyl-2-cyclohexen-1-one, MHB= methyl 2-
hydroxybenzoate, IPM=4-(isopropylphenyl)methanol, TMME=1-(2,3,4,5-tetramethoxy-6-methylphenyl)ethenone.   aReacted with 0.25 M PMA at 60 °C for 12 h

Substrate Cathode Anode Catholyte (pH)
Anolyte (pH) Illumination Bias 

(V vs. RHE)
J

 (mA.cm-2)
Products

(yield)
Product FE 

(%) Ref

α-cellulose
100 g.L-1 Pt foil FTO/TiO2

FTO/TiO2/Bi2O3
0.1 M NaOH (13) Solar simulator 

(100 mW.cm-2) 0.5 0.42
0.39

Rate:
1 μmol.cm-3.h-1

3 μmol.cm-3.h-1

FA (25 %)
FA (84 %)

183

Glucose
100 mM Pt grid FTO/WO3

0.1 M CH3SO3Na (2)
0.1 M NaHSO4 (2)

0.1 M NaCl (2)
0.1 M NaClO4 (2)

150 W solar 
simulator (100 

mW.cm-2)
1.23 n/a Gluconic acid, glucaric acid, 

erythrose, arabinose n/a 184

Glucose
500 mM CsFAMA/Pt Cu30Pd70 1 M KOH (pH 14) Solar simulator 

(100 mW.cm-2) n/a 8.5 Gluconic acid Gluconic 
acid (65 %)

185

HMF
5 mM Pt wire FTO/WO3 0.1 M NaPi (4) 3 suns (300 

mW.cm-2) 0.68 0.1-0.3 FFCA (4%), FDCA (0.5%) n/a 186

HMF
5 mM Pt film FTO/BiVO4

0.5 M Borate buffer (9.2) + 7.5 mM 
TEMPO

Solar simulator 
(100 mW.cm-2) 1.04 > 0.5 FDCA (98.85%), FFCA (0.36%), 

DFF (0.01%), HMFCA (0.025%)
FDCA 
(93%)

113

HMF
20 mM Cu/Ag FTO/BiVO4

/NiOOH
0.5 M Borate buffer (9.2)

0.5 M Borate buffer + 1M Na2SO3 (9.2)
Solar simulator 
(300 mW.cm-2) 0.92 1 BHMF (96-99% selectivity) BHMF 

(89-96%)
187

HMF
10 mM p-Si/Ni0.95Pt0.05Si n-Si/Ni0.95Pt0.05Si 0.5 M H2SO4

1 M KOH (14)
500 W Xe lamp
(100 mW.cm-2) n/a 5 HMFCA (45.0%), FDCA (27.3%) n/a 188

HMF
5 mM FLP-P-BiFeO3 FLP-P-BiFeO3 0.5 M Na2SO4

200 W simulator 
(50 mW.cm-2) 1.39 20 FDCA (100%) n/a 189

PPE
1 mM Graphite rod C/CoO/P:MnCO3 1 M KOH, 30 wt.% MeOH Solar simulator 

(100 mW.cm-2) 1.7 20 Benzoic acid (49%), phenol (49%) > 97% 190

TMBA
1 mM C/CoO/P:MnCO3 Graphite rod 1 M KOH, 30 wt.% MeOH Solar simulator 

(100 mW.cm-2) -0.5 -20 DMPE (48%), MMPE (46%) > 97% 190

Kraft lignin
0.25-1.5 g.L-1 Si/mesoITO FTO/Fe2O3

acetonitrile/water (v/v 1:1)
TEOA-buffer, 1 mM NADH, 25 mM 
MgSO4, 6 μM TsOYE, 9 mM MCO

Solar simulator 
(100 mW.cm-2) N/A 1.5

 methyl 2-hydroxybenzoate, 4-
isopropylphenyl)methanol, diethyl 

phthalate, terephthalic acid, 
tetramethoxy-6-

methylphenyl)ethanone

n/a 191

Lignosulfonate
5 g.L-1 Carbon cloth FTO/BiVO4/PV 

perovskite

0.1 M Phosphate buffer (6.5) + 2 mM 
NAD+ + 0.5 mM [Cp*Rh(bpy)H2O]2+

0.01 M KHCO3 (pH 8.2)

450 W Xe lamp
(100 mW.cm-2) n/a n/a

butanedioic acid, glycolic acid, 
benzoic acid, N-methoxymethyl-N-

methylformamide, 1,1,3,3-
tetrachloroacetone, and N-methyl-

N(2-methylpropyl)formamide

n/a 192

Lignocellulosic 
biomass a
 37.5 g.L-1

ITO/CsFAMA/
FM/Pt-Ti MWCNT 0.5 M H2SO4

0.5 M H2SO4 + 0.25 M PMA
300 W Xe lamp 
(100 mW.cm-2) n/a -19.8 Vanillin, acetovanillone n/a 193
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inhibiting the oxygen evolution reaction, reaching a FE of 83.9% at 
0.5 V vs. RHE after two hours of illumination in 0.1 M NaOH.183 We 
note that there are little to none additional reports available on PEC 
cellulose oxidation. One reason for this is the easy hydrolysis of 
cellulose into glucose and its subsequent dehydration to HMF, 
enabling the development of easier and more controlled PEC 
processes on these platform compounds. The PEC oxidation of 
glucose was initially investigated for electricity production in 
photofuel cells, yielding mostly CO2 and CO.177,194 In a seminal study, 
WO3 was used as photoanode for the solar-driven oxidation of 
glucose into added-value products including gluconic and glucuronic 
acids, erythrose and arabinose.184 The use of Na2SO4 or CH3SO3Na 
electrolyte allowed the production of glucuronic acid at pH 4, while 
this product was absent when NaCl was used. The authors 
hypothesized that SO4

-. and CH3SO3
. radicals generated upon 

irradiation of the WO3 photoanode were responsible for this 
selectivity. In a later study, a CuWO4 photoanode, showing improved 
stability compared to WO3, was reported for the production of 
formate from glucose (FE = 76 %) at pH 10.2.195 Elsewhere, UV-
irradiated anodized nanotubular Ti/TiO2 were reported to convert 78 
% of glucose into a mixture of gluconic acid, arabitol, and arabinose 
after 3 h of reaction at 1.5 V vs. Ag/AgCl in 0.1M Na2SO4 (pH 6.6).196 
In another study, Pt-decorated TiO2-x nanotubes were found to be 
highly selective towards the production of glucaric acid with a yield 
of 84.3 % at 0.6 V vs. RHE in 1M KOH. This excellent yield was 
attributed to favorable interaction between surface defects and Pt 
single atoms.197 Finally, more complex architectures such as a 
Fe2O3/CuO heterojunction were proposed for the selective 
production of formate, achieving remarkable FE of 94.1% and a 
turnover frequency of 240.2 h-1 at 1.5 V vs RHE in 0.1 M NaOH.198  
The direct PEC oxidation of HMF was investigated on various 
photoelectrodes: WO3 (pH 4), BiVO4 (pH 9.2), and Fe2O3 (pH 14). 
While the J-V curves of illuminated Fe2O3 and BiVO4 were mainly 
unchanged in the presence of HMF, improvements in both 
photovoltage and photocurrent densities were observed for WO3. 
Thus, at 3 suns, with an applied potential of 0.68 V vs. RHE and 64 
hours of continuous operation, modest yields for FFCA (4 %) and 
FDCA (0.5 %) were measured at a WO3 photoanode.186 Alternatively, 
the simultaneous PEC-assisted oxidation of HMF and HER has been 
investigated using bare and phosphate-functionalized phosphorene-
sensitized BiFeO3, resulting in the production of FDCA with a 
conversion yield of 100%.189 In this case, in-situ Raman spectroscopy 
revealed that the oxidation mechanism of HMF to FDCA involved 
catalyst-bound reactive oxygen species such as M-OH, M=O, and M-
OOH, participating in an indirect mechanism (see section 1.2). Finally, 
a tubular Ti/TiO2/Pt photoanode was irradiated under a 365 nm UV 
light to convert 0.5 mM of HMF at various biases and pH.199 However, 
for reaction times above 120 min, conversions of only about 10-12 % 
were achieved, with a product selectivity below 40 %. Moreover, the 
use of TEMPO as a redox mediator for the indirect PEC oxidation of 
HMF has been extensively studied. It was first demonstrated with 
pristine BiVO4 (pH 9.2) where HMF was converted to FDCA (yield 
>98%) at 1.04 V vs. RHE under 1 sun.113 Later, improved TEMPO-
mediated HMF oxidation was demonstrated  over BiVO4/NiFe-LDH200 
and BiVO4/CoPi201 at lower applied potentials (≈0.6-0.7 V vs. RHE). 

TEMPO was also used to mediate and promote HMF oxidation on 
F:Fe2O3/FeOOH202 and Ti:Fe2O3/CoPi203 photoanodes. With the 
former, the conversion of 10 mM HMF was only about 11.7 % at pH 
12.5 after 20 h under illumination, while the addition of TEMPO 
drastically raised the conversion to 99.2 % after only 5.5 h. 
Interestingly, without TEMPO, HMFCA (83.9 %) was the main 
product, whereas with 2 g.L-1 TEMPO, FDCA became the dominant 
product (90.7 %). For Ti:Fe2O3/CoPi, with 6.5 mM TEMPO, after 60 C 
of total charge had passed, FFCA (≈55 %) and FDCA (≈42 %) were the 
main products. Finally, TEMPO was used to mediate the conversion 
of HMF to FDCA with a high faradaic efficiency of 80 % after 2 h of 
reaction over perylene diimide-sensitized Sb:SnO2 photoanodes.204

While PEC conversion of cellulose and its derivatives can proceed 
relatively easily, the direct PEC oxidation of lignin is much more 
challenging due to the its low solubility in aqueous media and its 
strong absorption of UV and visible light.178 Still, several interesting 
reports can be found in the literature. In an early study, a 
Ti/Ru0.1Sn0.6Ti0.3O2 photoanode was operated under UV light at very 
high potential (2 or 6 V vs. SCE at pH 11). After 6 h of PEC treatment 
of a 2 g.L-1 lignin solution, total organic carbon and total phenol 
abatements of 51 % and 83 %, were respectively measured, but no 
information on the nature of the oxidation products was provided.205 
More recently, a biased Ti/TiO2/Ta2O5-IrO2 photoanode was used to 
oxidize lignin in 0.5 M NaOH at 0.6 V vs. Ag/AgCl under UV light.206 
After 2h, 66 % and 92 % of lignin was degraded in dark and light 
conditions, respectively. The production of vanillin and vanillic acid 
was confirmed by HPLC.206 Likewise, kraft lignin was oxidized onto 
TiO2 nanoparticles deposited on FTO glass after applying a potential 
of 2.3 V under UV irradiation.207 The PEC oxidation of kraft lignin was 
also investigated on α-Fe2O3 photoanode grown on a transparent 
FTO substrate in a mixture of acetonitrile and deionized water (v/v = 
1:1).191 Terephthalic acid, methyl 2-hydroxybenzoate, and diethyl 
phthalate were identified as oxidation products but no quantitative 
study was performed. Interestingly, the illuminated back of the 
photoanode was in contact with the glass container so that the light 
passed through the absorbing layer of the photoelectrode before 
being absorbed by the lignin, illustrating the advantage of using 
transparent conductive substrates in PEC reactor design for lignin 
valorisation. The PEC oxidation of kraft lignin was finally combined 
with the PEC enzymatic asymmetric hydrogenation of C=C bonds in 
2-methyl-2-cyclohexen-1-one inside a stand-alone solar-powered 
device biased with a Si photovoltaic panel.191 In another study, a 
tandem BiVO4/PV perovskite structure allowed the unbiased 
oxidation of lignosulfonate and alkali lignin under visible light. In 
parallel, carbon cloth was connected to the system for the reduction 
of CO2 using redox enzymes and cofactors. Lignin was broken down 
to small carboxylated organic molecules such as butanedioic acid and 
glycolic acid.192 

Similar to photocatalytic systems, the PEC oxidation of model lignin 
molecules exhibiting a -O-4 linkage (see Figure 6) has been studied 
in several systems. BiVO4 and BiVO4/V2O5 anodes were efficient at 
oxidizing 0.25 mmol of model lignin derivatives at 2.0 V vs. Ag/AgCl 
in 0.1 M LiClO4 with 25 mL MeCN.208 Aryl aldehyde and phenol 
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derivatives were formed with a conversion up to 64 % over 20 h. 
Elsewhere, F:Fe2O3/Co:NiOxHy was found to provoke highly selective 
Cα-Cβ cleavage of lignin dimers at 1.48 V vs. RHE in 1 M NaOH. 
Especially, the authors stressed the critical role of Ni(IV) active sites, 
preferentially formed at higher working voltages, to obtain aromatic 
carboxylic acids at high yields (85.0 - 99.8 %).209 In other studies, 
lignin dimers were oxidized using dye-sensitized TiO2 photoanodes 

and hydrogen atom transfer mediators such as 4-acetamido-2,2,6,6-
tetramethyl-1-peperidine-N-oxyl (ACT), phthalimide-N-oxyl (PINO), 
9-azabicyclo[3,3,1]nonan-3-one-9-oxyl (KABNO).210–212 A PEC 
method was also recently developed to depolymerize lignin and 
selectively hydrogenate and deoxygenate the aromatic ring 
terminals for the preparation of aviation fuel precursors.190 
CoO/MnCO3 was used as photoelectrode to cleave the -O-4 linkage 
of 2-phenoxy-1-phenylethan-1-ol (1mM) at 1.5 V vs. RHE under 
illumination in 1 M KOH. Furthermore, hydrogenation and 
deoxygenation processes were achieved using 1 mM of 3,4,5-
trimethoxybenzylalcohol in the same conditions but at a cathodic 
potential of -0.5 V vs. RHE. Interestingly, the -O-4 linkage of 2-
phenoxy-1-phenylethan-1-ol could be cleaved in cathodic and anodic 
conditions. In cathodic conditions, only 1-phenylethanol and phenol 
were produced but without further hydrogenation. In contrast, 3,4,5-
trimethoxybenzylalcohol was fully converted to 3,4-
dimethoxyphenylethanol and 2-methoxy-4-methylphenol after 2 h 
of reaction.  All these studies show that it is possible to convert lignin 
or (more often) lignin-derived oligomers, monomers and model 
compounds in PEC processes, although product identification 
remains a challenge. 

The reports described so far for PEC lignocellulose valorisation all 
require the application of a substantial potential bias to drive the 
electrochemical conversion of lignocellulosic compounds. In contrast 
with these “assisted” configurations involving polarized 
photoelectrodes, we devote the last part of this section to reports of 
stand-alone, unbiased PEC devices capable of using sunlight as an 
exclusive source of energy to drive lignocellulosic biomass 
valorisation. Such a PEC device has been proposed for the 
simultaneous cellulose oxidation at the photoanode (Ti:α-
Fe2O3/NiOOH) and CO2 reduction at the photocathode 
(Si/Bi/GaN).213 In this study, the authors report the production of 
formate at both sides of the cell, with an overall yield of 23.3 
μmol.cm-2.h-1. They further demonstrated the PEC production of 
formate from raw biomass sources such as sawdust, straw, and 
bamboo. However, in these cases, an acidic pre-treatment step was 
necessary to remove the insoluble lignin and depolymerize 
hemicellulose components to mono- and disaccharides. The FE for 
formate was consistently higher than 90% for all biomass sources 
when the photoanodic side was studied alone. Elsewhere, an 
unbiased device allowed the oxidation of glucose over a Ni/Cu30Pd70 
anode while H2 was produced at a hybrid halide perovskite 
photocathode with a photocurrent of 8.5 mA.cm-2 under one sun. 
After 10h of operation, glucose was converted to gluconic acid with 
a selectivity of 65 %.185 Regarding HMF valorisation, a PEC device 
involving a n-Si/Ni0.95Pt0.05Si photoanode for HMF oxidation and p-

Si/Ni0.95Pt0.05Si photocathode for HER was recently reported.188 The 
system was able to generate photocurrent densities as high as 5 
mA.cm-2 in the presence of 10 mM HMF in 1 M KOH as the anolyte 
with a high HMF conversion (97.2 %) and FDCA yield (80.3 %). 
Another PEC cell involving a Cu/Cu2O photoanode and p-Si/CdS/Pt 
photocathode was reported for the oxidation of 30-100 mM HMF in 
1 M KOH. Remarkable photocurrent densities of 15 mA.cm-1 were 
achieved with a good FE for HMFCA (84 %).214 Finally, regarding the 
valorisation of lignin-containing biomass, an indirect PEC device was 
demonstrated to produce vanillin and acetovanillone from 
lignocellulose. In a pre-treatment step, the lignocellulosic biomass 
was incubated with phosphomolybdic acid (PMA) at 60 °C for 12 h. 
This step oxidized mostly the lignin within the biomass to products of 
interest while reducing PMA. The unbiased PEC cell with 
ITO/CsFAMA/Pt-Ti as a photocathode and multi-walled carbon 
nanotubes as the anode was then used to regenerate PMA, while 
producing H2 at a high photocurrent density of 19.8 mA.cm-2.193  

Overall, while photocatalytic and photoelectrocatalytic systems hold 
promises for the direct solar valorisation of lignocellulosic biomass, 
their implementation remains limited to the lab scale, due to 
stringent limitations in stability and scalability, despite the recent 
demonstration of several stand-alone PEC devices for biomass 
valorisation. An important aspect that emerges from this literature 
involves a direct technology transfer from decades of work on water 
splitting. However, one should keep in mind that (i) there is no reason 
that the best performing photoanodes for water splitting should 
necessary be the most efficient for biomass valorisation (in particular 
due to the strong interaction of organic substrates with the 
photoelectrode surface, leading to potential challenges in selectivity 
or poisoning) and (ii) many materials with improper band alignments 
were not investigated in the context of water splitting but could 
outperform the currently tested semiconductors for biomass 
valorisation. As such, many opportunities remain to be explored in 
the field of PEC biomass valorisation, especially through the 
development of materials and device architecture designed around 
the specific advantages and challenges of biomass upgrading 
compared to water splitting. This includes for instance operation at 
low voltage, tolerance to poisoning by carbon-based intermediates, 
selective cleavage of specific functional groups, the possibility of 
tandem electrocatalytic schemes for cascade or concerted chemical 
transformations, preservation of selectivity in the presence of 
complex mixtures, exploitation of mixed-solvent electrolytes, etc. As 
such, while there is interest in developing these technologies for 
future generations of highly integrated solar biorefineries, it is 
currently difficult to assess their viability on an industrial scale.  
Indeed, photocatalytic and PEC systems for biomass valorisation are 
currently mainly studied at TRL 3 or below. This means that while 
current research mainly focuses on benchmarking activity and 
selectivity over the course of a few hours to several days, many 
important challenges remain to be addressed in the future, such as 
catalyst long-term stability and replacement/regeneration cost, or 
system integration and optimization with considerations of low-
grade heat recovery and use, electrolyte recycling, product 
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separation, etc. Still, this also represents a great opportunity to 
conceive and develop innovative photoabsorbers and 
electrocatalysts specifically tailored towards lignocellulose 
valorisation and beginning charting a novel area in PEC research 
through material development and device engineering.

At the moment, biomass electrolysers powered by renewable (e.g. 
solar or wind) electricity appear as the most attractive technology. 
Then, to try and determine whether including electrocatalytic 
processes in biorefineries holds promise in the current and future 
energy landscape, we present a comparative study between 
defossilized electrified catalytic hydrogenation and electrocatalytic 
hydrogenation in the following section. For this we propose to base 
our analysis on the example of furfural valorisation, a process 
currently under study in our research laboratory.

2. A case study on furfural valorization
In an attempt to evaluate the industrial potential of direct use of 
solar energy for biomass valorisation, we consider the 
electrochemical hydrogenation performed by a biomass electrolysis 
unit coupled to photovoltaic (PV) electricity. As extensive research 
and development have been performed in the past decades to 
develop electrolysers into more mature system, technological 
spillovers can beneficiate to biomass electrolysers for their industrial 
development, bringing them closer to industrial relevance. In the 
meantime, solar PV has benefited from scaling economics215 allowing 
for the Levelized Cost of Electricity (LCOE) of current new projects to 
reach prices below 45 $.MWh-1.216 

Table 3 Typical operating conditions for furfural thermochemical hydrogenation217–219

Furfuryl alcohol 2-methylfuran

Liquid phase Gas 
phase Liquid phase Gas 

phase

T (°C) 120 122-152 200 200-250

Solvent
Water, 

isopropanol, 
ethanol

/ Isopropanol, 
ethanol /

Furfural:
solvent 

ratio
1:10 / 1:10 /

Catalyst Pd, Copper 
chromite

Copper 
chromite

Pd, Copper 
chromite

Copper 
chromite

kgH2.t-1 21 49

As such, combining both technologies potentially allow for high solar 
to fuel efficiency at lower price than other solar-based pathways. As 
developed in the previous section, electrochemical hydrogenation 
(ECH) of furfural has received attention lately as an alternative to 
thermochemical hydrogenation: the direct use of renewable 
electricity is expected to lower the carbon footprint of the conversion 

step at market parity costs. To verify those assumptions, we present 
an energy efficiency analysis, followed by a basic economic 
assessment of the electrochemical hydrogenation of furfural 
towards furfuryl alcohol (FOH) and 2-methylfuran (2MF). This 
analysis aims to evaluate furfural conversion step costs within 
realistic assumptions (e.g. electricity price, stack cost). For this initial 
calculation, separation costs, labor and taxes were not considered. 
Separation energy requirements, especially when the product is in 
aqueous phase like in ECH, can become important, thus increasing 
the separation costs. However, in the absence of reference process, 
the estimation of such costs was not performed. Future studies could 
elucidate this point to provide a better estimate. Thermocatalytic 
furfural hydrogenation into furfuryl alcohol or 2-methylfuran is 
industrially performed on copper chromite catalysts with furfural 
either in liquid or gas phase and under pressure of H2 gas. 
Temperature and pressure conditions will vary accordingly to the 
desired product and the reactant phase. The typical operating 
conditions used in our analysis are summarised in Table 3. 
Importantly, in the context of this analysis, we consider that the H2 
required for the hydrogenation of furfural is produced through 
electrochemical water splitting since it remains to date the only 
scalable, low-carbon and high TRL way of producing defossilized 
hydrogen.220 Therefore, the energy intensity of the overall processes 
can be evaluated considering:

(i) The energy required to produce electrolytic hydrogen. We use 
an estimated value of 59 kWh.kgH2

-1 or 212.4 GJ.tH2
-1,221,222 and 

we further estimate that the synthesis of 1 ton of 2MF requires 
49 kgH2 while 21 kgH2 is necessary for 1 ton of FOH.  

(ii) The thermal energy contribution. We calculate the necessary 

enthalpy ∆𝐻 to raise reactants and solvents (when present) 

from room temperature to reaction temperature (∆𝑇) using the 

heat capacity of furfural and the solvent (𝐶𝑝,𝑓𝑢𝑟𝑓𝑢𝑟𝑎𝑙 and 

𝐶𝑝,𝑠𝑜𝑙𝑣𝑒𝑛𝑡 respectively): 

∆𝐻 = (𝐶𝑝,𝑓𝑢𝑟𝑓𝑢𝑟𝑎𝑙 + 𝐶𝑝,𝑠𝑜𝑙𝑣𝑒𝑛𝑡) ∆𝑇 (Eq. 1)

For gas phase reaction, the contribution of the enthalpy of 
vaporization of furfural is considered223:

∆𝐻𝑣𝑎𝑝, 𝑓𝑢𝑟𝑓𝑢𝑟𝑎𝑙= 50.7 𝑘𝐽.𝑚𝑜𝑙-1

(iii) Thermal losses and waste heat recovery are not considered in 
our analysis, as a first approximation.

We find that, compared to vapor phase hydrogenation, liquid phase 
reaction requires more energy (5.1 vs. 5.8 GJ.tFOH

-1
 & 11.7 vs. 14.3 

GJ.t2MF
-1) for both products because of the energy required to heat 

the solvent, taken as ethanol (resp. 0.7 and 2.6 GJ.t-1) (see Figure 7a). 
Indeed, in gas phase hydrogenation, only furfural must be heated 
which reduces the energy intake by ~10-20% compared to liquid 
phase. We note that G. Fraga et al. found a heating value of 3 GJ.tFOH

-

1
 (including separation) in their liquid-phase process analysis, which 
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supports the validity of our estimate.224 Furthermore, we note that  
this heating penalty in ECH and liquid phase synthesis is likely to be 
increased during the separation step as energy could be required to 

separate product and solvent. However, regarding 2MF generation 
in water (typical ECH conditions), product separation is facilitated 

Figure 7 (a) Comparison of the energy requirements for liquid and gas phase hydrogenation of furfural to furfuryl alcohol (left) and 2-methylfuran (right) (b) Stacked kinetic plots of 
furfural electrochemical hydrogenation to furfuryl alcohol and 2-methylfuran (contributions from bottom to top: equilibrium potentials, OER overpotential, furfural ECH 
overpotential, ohmic drop losses) (c) Contour plot of furfural electrochemical hydrogenation energy intensity as a function of product faradaic efficiency and cell voltage as calculated 
from Eq. 2. Red lines indicate the minimum energy intensity at industrial current densities as estimated from the voltage of the stacked kinetic plots at 300 mA.cm-2 and a fixed 
energy consumption of 0.24 and 0.59 GJ.t-1 for FOH and 2MF respectively. 

due to the high volatility of 2MF and its low solubility in water.218,225 
Next, to compare the energy intensity of furfural hydrogenation 
under electrocatalytic and the aforementioned thermocatalytic 
conditions, the energy intensity of the electrocatalytic process was 
estimated using the following equation, derived from D. Jin et al. and 
Bard:226,227

𝐸𝐸𝐶𝐻[𝐺𝐽.𝑡-1]= 𝑛⋅𝐹[𝐶.𝑚𝑜𝑙-1]⋅𝑈[𝑉]
𝑀[𝑔.𝑚𝑜𝑙-1]⋅1000⋅ 𝐹𝐸[%]

100

(Eq. 2)

with 𝑛 the number of electrons exchanged during the reaction, 𝐹 the 

Faraday constant, 𝑈 the cell voltage, 𝑀 the molar mass of the 

product, and 𝐹𝐸 the Faradaic efficiency towards the product. Due to 
thermodynamics (equilibrium potentials) and kinetics 
(overpotentials, ohmic losses) of the process, a cell voltage threshold 
to perform the ECH of furfural shall exist. By considering OER as the 
counter-reaction of furfural ECH to FOH or 2MF, we built a diagram 
displaying the thermodynamics and kinetics contribution as a 
function of cell voltage and current density for these two processes 
(see Figure 7b). More specifically, anodic and cathodic 
overpotentials were estimated by considering only the forward 
(resp. backward) reaction rates in the Butler-Volmer equation,  under 
the form of Tafel equations:228 

𝜂𝐹𝑂𝐻=𝑅[𝐽.𝑚𝑜𝑙-1.𝐾  -1]⋅𝑇[𝐾]
𝑛𝐹𝑂𝐻⋅𝐹[𝐶.𝑚𝑜𝑙-1]⋅𝛼

𝑙𝑛 𝑗[𝐴.𝑐𝑚-2]
𝑗0,𝐹𝑂𝐻[𝐴.𝑐𝑚-2]

   (Eq. 3)

𝜂2𝑀𝐹=𝑅[𝐽.𝑚𝑜𝑙-1.𝐾  -1]⋅𝑇[𝐾]
𝑛2𝑀𝐹⋅𝐹[𝐶.𝑚𝑜𝑙-1]⋅𝛼

𝑙𝑛 𝑗[𝐴.𝑐𝑚-2]
𝑗0,2𝑀𝐹[𝐴.𝑐𝑚-2]

   (Eq. 4)

𝜂𝑂𝐸𝑅=𝑅[𝐽.𝑚𝑜𝑙-1.𝐾  -1]⋅𝑇[𝐾]
𝑛𝑂𝐸𝑅⋅𝐹[𝐶.𝑚𝑜𝑙-1]⋅𝛼

𝑙𝑛 𝑗[𝐴.𝑐𝑚-2]
𝑗0,𝑂𝐸𝑅[𝐴.𝑐𝑚-2]

   (Eq. 5)

where 𝑅 is the gas constant, 𝑇 the temperature, 𝑛𝑖 is the number of 
exchanged electrons for the synthesis of product 𝑖, 𝐹 is the Faraday 
constant, 𝛼 is the transfer coefficient, 𝑗0 is the exchange current 
density for the considered reaction. Values were obtained from 
experimental results described in the literature and are reported in 
Table S1. On the basis of the obtained kinetic plot, a cell potential 
operating at industrial current densities (i.e. above 300 mA.cm-2, see 
below) is estimated at a minimum of 1.8 and 2.0 V for FOH and 2MF 
synthesis, respectively. Consumption of utilities for the balance of 
plant (power equipment, pumps, water treatment, gas separators…) 
of the electrochemical process is also accounted and estimated at 5% 
of the energy required for vapour-phase hydrogenation (0.24 and 
0.59 GJ.t-1 of FOH and 2MF respectively, see Figure 7a).

Figure 7c represents faradaic efficiency vs. cell voltage plots for FOH 
and 2MF production by ECH. These graphs inform on the energy 
consumed to produce one ton of each product through 
electrocatalysis based on Eq. 1. For a given production rate (i.e. 
current density), when the cell potential is reduced and the faradaic 
efficiency increases, less energy is required to perform the 
conversion. Moreover, based on the aforementioned minimum 
operating potential and utilities consumption, we estimate that the 
only conversion energies accessible to industrial furfural ECH are 
localized at cell potentials higher than the ones indicated by the red 
lines. From these calculations, we conclude that a furfural 
electrolyser running at a cell voltage below 2.44V (2.51V for 2MF) 
and a FE higher than 80% (85% for 2MF) would operate with a better 
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energy efficiency than vapor-phase hydrogenation from electrolytic 
H2. The conditions in which furfural ECH is more energy-efficient than 
vapor-phase hydrogenation are indicated as zone A for FOH and zone 
B for 2MF on Figure 7c. On this figure, we also display literature 
results of continuous electrocatalytic hydrogenation of furfural 
towards FOH in flow cells as red squares. Unfortunately, to our 
knowledge there are no published results of electrocatalytic 
hydrogenation of furfural to 2MF in flow cells. Still, as a point of 
reference, state-of-the-art results obtained in H-cell allowed for 
furfural conversion to 2MF with a FE of 60% at current densities of 
200 mA.cm-2.68 The work of Yao et al. also is also noteworthy as they 
reported the stable production of furfuryl alcohol in a flow cell 
system for 20 hours at 0.1 A.cm-2 at 97% FE, reaching an economic 
breakeven point.70  Unfortunately, the full cell potential was not 
reported. We believe that accessing zones A and B with furfural ECH 
devices is realistic based on state-of-the-art lab-scale results and also 
when compared, for example, to those of CO2 electrolysers at +50% 
market premium (2.47-2.75 V, 87-93% FE).229 

Now that we have defined an accessible range of operation where 
furfural ECH is attractive from an energy intensity point of view, we 
aim to evaluate the economic costs associated with a hypothetic 
electrolyser converting furfural to FOH (resp. 2MF) at a cell potential 
of 2.1 V (resp. 2.3 V) at 94 % FEFOH (resp. 90 % FE2MF). In light of the 
above efficiency analysis, the energy intensity of these processes 
would be 4.38 GJ GJ.tFOH

-1
 and 12 GJ.t2MF

-1. Three different models are 
evaluated for an electrochemical plant converting furfural (see 
Figure 8): 

case 1: PV fed only (at an optimal scaling factor) 

case 2: Hybrid plant mixing grid and PV

case 3: Grid electricity only

Figure 8 Illustration of the different operation modes considered in the cost calculations 
study

The capacity of the plant to sell electricity to the grid is not 
considered here. The parameters used in the different cases are 
displayed in Table S2. A fourth case (4) consisting of an electrolyser 
producing H2 for a thermocatalytic reactor was also used as 
reference (as it currently corresponds to the most represented 
approach towards defossilized biorefineries). In this case, conversion 
costs were approximated by the sum of hydrogen production costs 

(6-9 $.kgH2
-1)230 and reactor costs (46.5 $.tFOH/2MF

-1). The reactor costs 
were estimated using results from two recent techno-economic 
analyses (see Supporting Information).231,232 We deem the added 
costs of pressurizing and heating the reactor negligible compared to 
these two contributions on the basis of a cost breakdown analysis 
from Li et al.231. For biomass electrolysers (cases 1, 2 and 3), current 
densities above 300 mA.cm-2 are considered. This is because the 
majority of cost reductions associated with scaling (mainly from 
decreased electrode surface area at constant output) are achieved 
for operating current densities of 300-500 mA.cm-², as shown in 
various techno-economic studies.233,234 When such currents are 
attained during long-term operation (> 100-1000 hours stability for 
laboratory system), the remaining economic gains then usually come 
from improved energy efficiency (increased FE or decreased cell 
voltage). Importantly, to date, reported current densities and 
stability for both considered electrochemical hydrogenation 
reactions still fall short of these values, highlighting the importance 
of reaching this milestone to consider a potential technology 
transfer. We also note that reaching 300 mA.cm-2 should be 
compatible with the target cell voltages of 2.1 V and 2.3 V for FOH 
and 2MF respectively (see Figure 7b).. Moreover, as furfural is the 
main feedstock in this process, its price is an important driver of the 
product price.232 However, literature is relatively imprecise regarding 
furfural price per kg, ranging from 1 to 2 $.kg-1.224,232,235 Thus, due to 
this uncertainty, the analysis will be focused on the conversion cost 
and not the final product cost.

On this basis, the levelized conversion cost (LCC) of furfural to FOH 
or 2MF can be calculated as the sum of annual Capital Expenditure 
(CAPEX), Operating Expenditure (OPEX, as a percentage of CAPEX per 
year), total electricity consumption of 1 kW of electrolyser in a year 
𝐸 and electricity price 𝑃 with regards to ṁ, the mass of product a kW 
of electrolyser can produce throughout its operation time:

𝐿𝐶𝐶[$.𝑡-1]= 
(𝐴𝐹+𝑂𝑃𝐸𝑋)[𝑦𝑟-1]⋅ 𝐶𝐴𝑃𝐸𝑋[$. 𝑘𝑊-1]+𝐸[𝑘𝑊ℎ.𝑘𝑊-1.𝑦𝑟-1]⋅𝑃[$. 𝑘𝑊ℎ-1]

ṁ𝐹𝑂𝐻,2𝑀𝐹[𝑡. 𝑘𝑊-1.𝑦𝑟-1]
  

(Eq. 6)

Where 𝐴𝐹 is the Annuity Factor:

𝐴𝐹 = 𝑟(1+𝑟)𝑛

(1+𝑟)𝑛-1
   (Eq. 7)

with 𝑟 the discount rate (%) and 𝑛 the electrolyser lifetime (year). 

Moreover ṁ𝐹𝑂𝐻,2𝑀𝐹 is the annual product output per kW of 
electrolyser:

ṁ𝐹𝑂𝐻,2𝑀𝐹 𝑡.𝑘𝑊-1.𝑦𝑟-1 =𝐸[𝐺𝐽. 𝑘𝑊-1.𝑦𝑟-1]
𝐸𝐼[𝐺𝐽.𝑡-1]

  (Eq. 8)

where 𝐸 is the electricity consumed by a kW of electrolyser in a year 
from solar PV or grid, 𝐸𝐼 is the previously calculated energy intensity 
for the synthesis of the product. Our results are presented in Figure 
9. They show that operating a plant supplied by PV disconnected 
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Figure 9 Contour plot of the conversion costs of furfural to furfuryl alcohol (a) and 2-methylfuran (b) as a function of electricity cost and electrolyser CAPEX for cases 1, 2 and 3

from the grid (case 1), results in the highest cost of conversion of 
furfural to either FOH or 2MF (112-197 $.tFOH

-1; 306-541 $.t2MF
-1). 

Other studies have shown the optimal scaling factor of the 
electrolyser for this mode of operation (islanded PV) was around 60% 
of the PV plant capacity (i.e. 0.6 kW of electrolyser per  kW of 
installed PV).236,237 This configuration results in a higher utilization 
rate of the electrolyser but also increases the amount of curtailed 
electricity (around 25%).238 The consequence of this scaling factor is 
an increased PV LCOE from the plant point of view, and therefore 
higher conversion cost. In addition, the electrolyser cannot operate 
during night-time, reducing the electrolyser use factor. These 
considerations explain the high conversion costs associated with this 
scenario. A straightforward way to bring curtailment rate to zero and 
increase the use rate is to connect the plant to the electrical grid 
(case 2). In this fashion, grid electricity can compensate for PV during 
low production times and the electrolyser capacity can be scaled at 
100% of PV power. As a result, conversion costs in this configuration 
are calculated to be generally lower than in case 1: 84-122 $.tFOH

-1 
and 230-335 $.t2MF

-1. Here, PV allows to supply 24% of the electricity 
needs of the electrolyser at low electricity cost while grid electricity, 
even if at a higher price, allows to increase the electrolyser use rate 
during low production times. Finally, the plant can also be operated 
while only being connected to the grid (case 3). The advantages of 
this approach are the reduction of the initial investment cost since 
no PV plant must be installed, eased construction process and less 
surface requirement. However, grid electricity is notably costlier 
than utility scale PV and prices of 60-80 $.MWh-1 can be expected. In 
addition, the carbon content of grid electricity is still high in most 
countries: 244 gCO2.kWh-1 in EU27 and 390 gCO2.kWh-1 in the US.239 
Our model estimates the associated conversion costs to be in the 
range of 95-141 $.tFOH

-1
 and 259-384 $.t2MF

-1, which is ca. 15% more 

than the PV+grid case (case 2). These estimations confirm the 
economic and environmental advantages of using PV as a source of 
electricity in tandem with the grid (in the form of a Price Purchase 
Agreement, or direct feed). Interestingly, while the islanded PV + 
electrolyser concept offers the lowest amount of CO2 emissions, it is 
evaluated to be the most expensive option, due to intermittency and 
scaling factor issues. Furthermore, accelerated degradation and 
lower energy efficiency were observed in equivalent variable energy-
fed systems, which further hinders the long-term competitivity of our 
case 1.240–242 Overall, those preliminary results are in line with the 
trend observed in water electrolysis studies, where off grid 
configurations are costlier,238 and that a mixed PV+grid approach 
currently offers the best trade-off in conversion costs and CO2 
emissions.  As a matter of comparison, we note that Han et al. 
estimated a lower cost for electrochemical hydrogenation of furfural 
to furfuryl alcohol at 55.74 $.tFOH

-1 (without purification costs).69 
Most of the price difference lies in their choice of parameters: 30 
$.MWh-1 and 275.55 $.kWelectrolyser

-1 (vs. 60-80 $.MWh-1 and 1000-
2000 $.kWelectrolyser

-1
 in our model).

Then, we address the environmental benefits (in terms of CO2 
emissions) and the associated costs of using ECH compared to 
established thermocatalytic hydrogenation processes. For the latter, 
hydrogenation costs are taken as the sum of H2 production costs by 
steam methane reforming (SMR) (2 $.kgH2

-1) added to the reactor 
cost (46.5 $.tFOH/2MF

-1). The results of our analysis are presented in 
Figure 10. We find that only the islanded PV plant can achieve some 
level of decarbonization compared to SMR H2 while the other 
solutions would actually emit more CO2 during operation considering 
the current high CO2 intensity of the EU27 electrical grid (Figure 10b). 
However, using islanded PV to reduce CO2 emissions comes at the 
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Figure 10 Levelized Conversion Cost of furfural to FOH (a) and 2MF (b) compared to SMR H2 hydrogenation. CO2 emissions associated with ECH when electricity originates from 
current grid electricity (EU27) or low-carbon grid in the case of FOH (b) or 2MF (e) synthesis. CO2 abatement costs of switching thermocatalytic hydrogenation of furfural to ECH of 
furfural for cases 1, 2, 3 and 4 in the case of FOH (c) and 2MF synthesis (f).

expense of generating the highest conversion costs of all the 
scenarios explored here (Figure 9a). As such, our results drive us to 
advocate for the rapid and continuous integration of low-carbon 
electricity sources and especially PV with battery storage in the 
electricity production mix to allow for chemical industry 
decarbonation and defossilization. Importantly, in some countries 
such as Sweden, Switzerland and France, or regions like Québec and 
Nordeste, electricity carbon intensity already sits below 50 gCO2.kWh-

1. Performing furfural ECH with this carbon intensity would reduce 
the CO2 emissions of the conversion process by at least two third 
(low-carbon grid case in Figure 10b,e). In this case, the corresponding 
CO2 abatement costs for cases 1 to 4 are displayed in Figure 10c,f. In 
those nations and regions, we find that the lowest carbon abatement 
cost for FOH and 2MF synthesis is constituted by a mix of direct PV 
feed and low-carbon grid electricity. This cost is evaluated to range 
from -27 to 265 $.tCO2

-1 and from 293 to 653 $.tCO2
-1 for FOH and 2MF,  

respectively. For context, EU Emissions Trading System, one of the 
most stringent and comprehensive carbon pricing system reached an 
all-time high of 100 $.tCO2

-1 in 2023. We estimate that abatement 
costs for 2MF synthesis in case 2 (PV + grid) could be met around 

2040-2050 when using the median 5.70% carbon price growth rate 
Gollier collected in the IPCC database of 767 Integrated Assessment 
Models.243 In an attempt to estimate a cost-efficient carbon price, 
Gollier also proposed an optimal carbon price of 213.5 and 362.3 
$.tCO2

-1 for the 2021-2035 and 2036-2050 periods, which are 
displayed in Figure 8c,f. Interestingly, in the most optimistic, yet 
realistic, scenario for furfural ECH to FOH conversion (1000 
$.kWelectrolyser

-1 and 60/31 $.MWhgrid/solar
-1), CO2 abatement costs can 

even be negative. It means the conversion step can cost less than it 
currently does by fossil-based means while emitting 70% less CO2 
(electricity from a low carbon grid; 55 vs 185 kgCO2.tFOH

-1). We note 
that, on average, the abatement costs we calculated for FOH 
synthesis in case 2 are relatively low for an industrial process, making 
it appealing to demonstrate the feasibility of biomass electrocatalytic 
valorisation at medium-scale. We estimate that adopting a PV + grid 
configuration (case 2) allows to significantly reduce CO2 emissions 
from 441 to 149 kgCO2.t2MF

-1 (14.1 vs 4.8 gCO2.MJ-1) compared to fossil-
based H2 hydrogenation. Finally, we find that 2MF synthesis through 
ECH (case 2) is a preferable approach to reduce CO2 emissions than 
the reference electrified hydrogenation scenario (case 4, 630-1102 
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$.tCO2
-1) thanks to a lower initial CAPEX for part: an electrified 

hydrogenation supplied by green H2 requires an initial investment for 
an electrolyser and a reactor, while only an electrolyser is necessary 
in the case of ECH. We note that the CO2 abatement costs for case 4, 
while being high, generally agree with recent literature on chemical 
and heavy industry decarbonization using H2-based technologies.244 

Therefore, in light of this case study, the direct electrochemical 
conversion of bio-based molecules seems to be a preferable 
alternative to indirect defossilization through electrolytic H2. Still, 
further cost and CO2 emissions reduction of grid electricity are 
required to globally achieve ecologically and economically 
sustainable electrochemical valorisation of bio-based feedstock. In 
this sense, PV plays a role for the development of electrified 
biorefinery as a cheap and rapidly scalable carbon-free electricity 
source but also as a mean to decarbonize grid electricity. Our study 
remains preliminary and aim to serve more detailed studies and 
techno-economic analysis in the goal of estimating rigorously the 
costs of biomass electrochemical hydrogenation (by considering 
labour costs, taxes, grid fees, separation costs and other hidden 
costs). Finally, as highlighted previously, electrochemical systems 
converting biomass-based molecules are still scarce in the literature 
and more research is required to demonstrate convincing lab 
prototypes and bring the technology to higher TRL. Still, rapid and 
accelerating recent progress on this front gives hope for a successful 
technology transfer on the relatively short term 

3. Outlook: combining oxidation and reduction 
valorisation processes 
The previous section highlighted the economic advantage of furfural 
ECH versus electrified hydrogenation with electrolytic H2. However, 
higher costs than those of the fossil-based processes are still 
observed. Generally speaking, commodities production through 
electrochemical processes (e.g. water electrolysis) face high 
production costs and lack of competitivity against fossil-based 
technologies. Those high costs partly originate from the high energy 
demand induced by the oxygen evolution reaction at the anode for 
commonly proposed electrolyser designs. With a standard potential 
of 1.23 VRHE and an overpotential above 200 mV in acidic and alkaline 
conditions, much of the electrical energy is dedicated at producing 
O2, a low-value chemical. Biomass, on the other hand, is composed 
of molecules with low thermodynamic oxidation potentials, as 
highlighted in Figure 4. Thus, there is, in theory, a strong interest in 
coupling reduction reactions (HER, CO2RR, ECH, Direct Iron Ore 
Reduction…) with a thermodynamically easy and valuable anodic 
reaction (HMF oxidation, glucose oxidation, furfural oxidation…). The 
expected result is a lowered cell potential at similar current densities 
combined with the synthesis of a valuable product at the cathode. 
Examples of such processes where alternative oxidation reactions 
were used to replace the OER are provided in Table 1. This strategy, 
when combined with optimized electrocatalysts could in fact result 
in much lowered operating cell potentials: below 1.5 V or even below 
1.0 V in some cases. However, it is important to note that, in some 

cases the valuable aspect of the molecule has to be put in perspective 
with the limited market size. For example, in the biofuel sector, 
overproduction of glycerol (co-product of biodiesel) led to its price to 
drop as demand could not keep up.245,246 For the proposed solar-
driven processes, the reaction choice is important to avoid creating 
overcapacities, saturate a market and reduce the income of the 
biorefinery. HMFOR is a straightforward reaction to consider and has 
been the object of many recent studies (see Section 1).235 One HMF 
oxidation product in particular, FDCA, has the potential to compete 
with fossil-based terephthalic acid to produce bio-based plastics 
while reducing the associated CO2 emissions by 35-50%.247,248 The 
aimed market is over the Mt.yr-1 scale and the economics advantages 
of HMFOR has been demonstrated in recent research articles146,249.

Furthermore, inside an integrated biorefinery, point-source CO2 
emissions may also remain due to the demand for heating (biomass 
waste, bio-gas or fossil gas can be used as fuels) or stoichiometric 
emissions from specific biorefinery processes. In this context, the 
emitted CO2 could be captured and valorised through CO2RR, for 
instance into ethylene or methanol. We note here that lowering the 
operating voltage of CO2RR electrolysers by more than 0.4 V would 
enable the economic viability of using acidic conditions and thus 
mitigate carbonate crossover, and lowering it by 1 V could enable the 
use of bipolar membranes, potentially resulting in significant 
improvement in long-term device stability.250 In this context, 
coupling CO2RR with the oxidative valorisation of biomass-derived 
molecules appears interesting. Then, CO2RR products such as 
ethylene or methanol can be oxidized downstream to contribute to 
the current Mt.yr-1 industrial production of ethylene oxide/ethylene 
glycol or formaldehyde respectively. Those oxidation reactions can 
be paired with reduction reactions (e.g. HER to provide cheaper H2 
to the hydrogenation processes while delivering valuable 
commodities at the anode).251,252 On a broader basis, the 
electrooxidation of some alcohols into aldehydes/ketones or 
carboxylic acid can lead to valuable molecules (e.g. ethanol to 
acetaldehyde).253,254 These two examples illustrate opportunities 
specific to solar-driven electrochemical transformation and 
eventually photoelectrochemical transformations, where an 
oxidation process must be coupled to a reduction process, and where 
these two half processes can be driven in separate physical locations, 
separated by a membrane if needed. Therefore, in addition to 
possible gains in energy efficiency, product selectivity or operation 
under greener chemical conditions, introducing electrochemical 
approaches in biorefineries also unlocks novel integration strategies 
where two valorisation processes can be synergistically combined. 

With this in mind, a snapshot of a possible model of integrated 
biorefinery taking advantage of paired electrolysis and common 
chemical processes is displayed in Figure 11. Briefly, the biorefinery 
consists in fractionation/hydrolysis/dehydration units producing 
furfural and HMF from hemi-cellulose and cellulose. Lignin can be 
recovered as well and valorised into cycloalkanes for SAF255–257. 
Furfural and HMF are electrochemically upgraded in 2-methylfuran 
and HMF, respectively.101,2582-MF follows hydroxyalkylation with 
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Figure 11 Overview of a conceptual electrified biorefinery flow diagram using currently investigated processes. 

acetaldehyde (produced from bio-ethanol) and subsequently HDO to 
produce C10-C16 fuels, as described in the so-called Sylvan process.46 
The heat required by the different processes is produced by oxyfuel 
combustion of gas or waste, with O2 originating from CO2RR and 
furfural ECH processes. Oxyfuel combustion allows for enhanced CO2 
capture,259 which is then valorised into ethylene through CO2RR. 
Ethylene electrochemical oxidation leads to the production 
ofethylene glycol along with H2.260–262 Ethylene glycol can polymerize 
with FDCA into PEF, a polymer analogous to PET.263 HMFOR and 
ethylene glycol synthesis provide the required H2 for the HDO step 
producing the biofuels. Different processes can be considered: 
ethylene can be produced through direct CO2RR or tandem CO2RR 
(CO2-to-CO followed by CORR) for example.264 Those engineering 
choices depend on technology development in the near future. The 
described hypothetical plant aims to demonstrate the relevance and 
synergies of electrochemical processes in a biorefinery. Eerhart et al. 
investigated technical and economic aspects of a furan biorefinery 
using classic thermocatalytic processes.246,265 Their results showed 
beneficial aspects of upgrading both FDCA and furfural into plastics 
and fuels from the same feedstock and the necessity of building large 
plants to economically challenge fossil-based molecules. However, 
the larger the biorefinery and the higher the cost of feedstock and 
CO2 emissions associated to transport. Thanks to their modularity, 
biomass electrolysers could allow the downscaling of those refinery 
to sizes more aligned with feedstock availability. For example, recent 
studies on ethylene production by CO2RR showed a minimum of 3 
ktC2H4.yr-1 plant is sufficient to achieve economies of scale for the 
upstream and downstream processes.266 Still, the development of 
solar-powered biomass conversion systems from laboratory to 
industrial scale requires important additional research efforts. While 
some systems display appreciable activity and selectivity, their long-
term stability remains unclear. Loss of activity and poisoning of 
catalysts are an important issue that can hinder further 
development. 

Furthermore, to help bridging the TRL gap faster, the competitive 
development of solar-powered biorefineries could be promoted by 
policy makers, capitalizing on lessons learned from the bio-methane 
and bio-ethanol industries, with industrial policies such as: 

• The introduction of new blending mandates of chemicals 
from lignocellulosic biorefineries into products or fuels

• Targeted subsidies: tax credit or direct subsidy to the end-
user of chemicals

• The reduction of taxes on electricity and grid fees to ensure 
competitiveness of electricity price and fairness of 
effective tax rates between energies

• Access to credit and loan guarantees to solar-powered 
biorefinery projects

Another critical aspect of the overview proposed in Figure 11 is the 
mismatch in the current production scale and demand between 
biomass-derived compounds and high-tonnage commodity 
chemicals, such as ethylene (between a few hundreds of kt.yr-1 and 
several hundreds of Mt.yr-1). Designing the integration of these 
different processes inside a coherent innovative model of solar-
powered refinery will thus necessitate an important research effort 
to demonstrate the scalability, versatility and viability of 
electrocatalytic or photoelectrochemical approaches in this range of 
operation. While several authors have started to explore this topic in 
recent years, we believe that including this long-term goal more 
systematically in the design and choice of (photo)electrochemical 
systems of interests would greatly benefit progress towards a 
cohesive technological landscape for a solar-powered chemical 
industry.

Conclusion
In this critical review, we proposed an overview of the current 
state-ot-the art approaches that could be involved in solar 
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lignocellulose biorefinery concepts. We show that solar-driven 
electrocatalytic conversions and photoelectrochemical 
approaches have reached important milestones at the lab scale 
but the benefit of their implementation at an industrial level 
remains uncertain. In particular, photoelectrochemical 
processes remain quite far from industrial relevance, but the 
advantages of using biomass resources and generating value-
added products has a chance to improve the relevance of this 
approach compared to its current prospective applications in 
solar hydrogen production. To partly answer whether these 
new approaches are relevant at all, we proposed a preliminary 
comparative assessment of the energy, economics and 
emissions involved in furfural hydrogenation by carbon-neutral 
thermocatalytic and electrocatalytic processes. We found that 
electrocatalytic strategies are pertinent and can be competitive 
at the industrial scale, provided a good enough selectivity. We 
show that while powering the electrolyser with islanded PV 
provides the lowest carbon footprint, operating costs are too 
high for it to be viable. Instead, a “grid+PV” approach appears 
to be more reasonable in the short term, even reaching 
negative carbon abatement costs in best case scenarios. Finally, 
we emphasize that involving electrochemical, and eventually 
photochemical/photoelectrochemical processes in future 
biorefineries could unlock completely new value chains 
compared to the legacy petrochemical sector, due to the 
specificity of their respective operating conditions. While it 
would be illusory and counterproductive to replace all 
thermocatalytic processes in current biorefinery models, we 
argue that electrocatalysis can have an attractive and important 
role to play even in the short term for industrial lignocellulose 
valorisation strategies, especially if combined with other waste 
resources valorisation (e.g. CO2). Importantly, the case study 
performed here concerns the valorisation of furfural, a 
molecule produced on a large scale for a biomass-derived 
chemical. However, it is important to consider that converting 
the entire annual furfural production electrochemically would 
“only” require a 50 MW electrolyser, far below the scale 
required for the defossilization of the production of the largest 
chemical markets of commodity chemicals and fuels. Therefore, 
while direct electrification appears sensible for medium-scale 
value chains, a different analysis is required to study the 
replacement of the largest sectors of the thermocatalytic 
petrochemical industry. Finally, to confirm the validity of our 
analysis, more studies performed at industrially-relevant 
current densities, cell voltage, and cell dimensions are urgently 
required. We also believe that developing advanced materials 
and systems specifically designed around biomass valorisation, 
rather than merely transferring elements developed for 
previous applications (typically water splitting) would be highly 
beneficial. Thankfully, recent trends in publications in the field 
tend to indicate that an increasing number of researchers are 
currently interested in tackling this challenging task, and there 
is little doubt that solar-driven lignocellulose valorisation will 
know exciting progress in the near future. 

List of acronyms

2-MeTHF 2-methyltetrahydrofuran

2MF 2-methylfuran

ACT 4-acetamido-TEMPO 

BHMF 2,5-Bis(hydroxymethyl)furan 

BTX benzene, toluene, xylene

CAPEX capital expenditure

CO2RR electrochemical CO2 reduction reaction

DFF diformylfuran

ECH electrochemical hydrogenation

EU27 27 member-states of the European Union

FDCA furan dicarboxylic acid

FE faradaic efficiency

FFCA 5-formyl-2-furoic acid 

FOH furfuryl alcohol

HDO hydrodeoxygenation

HER hydrogen evolution reaction

HMF 5-hydroxymethylfurfural

HMFCA 5-hydroxymethl-2-furoic acid 

HMFOR electrochemical HMF oxidation reaction

KABNO 9-azabicyclo[3,3,1]nonan-3-one-9-oxyl 

LCOE levelized cost of electricity

OER oxygen evolution reaction

OPEX operational expenditure

PCET proton-coupled electron transfer

PEC photoelectrochemical

PEF polyethylene furoate

PET polyethylene terephthalate

PINO phthalimide-N-oxyl 

PMA phosphomolybdic acid

PV photovoltaic

RHE reversible hydrogen electrode

SAF sustainable aviation fuel

SCLJ semiconductor-liquid junction

SMR steam methane reforming

TEMPO 2,2,6,6-tetramethyl-1-piperidine N-oxyl 

THFA tetrahydrofurfuryl alcohol

TRL technology readiness level
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