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Abstract 17 

Renewable-driven CO2 recycling plants (CO2RPs) to produce chemicals have a certain role to 18 

play in the decarbonization of the economy. In recent years, significant progress has been found 19 

for the decarbonization of chemicals such as formate/formic acid (HCOO-/HCOOH) by CO2 20 

electrochemical reduction (CO2ER). The traditional approach consists of the cathodic CO2ER 21 

coupled to the anodic oxygen evolution reaction (EOR). Current trends appoint alternative anodic 22 

processes, as glycerol (GLY) electro-oxidation (EOG), as a powerful alternative to EOR because 23 
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it can lower noticeably the cell voltage. Also, this recent alternative leads to the formation of 24 

products in the anode with more economic value than O2, for example, the fine chemical 25 

dihydroxyacetone (DHA). Until now other factors than just the energy savings in the ER cell have 26 

been neglected. Other factors such as the anodic market sizes, the downstream separation energy 27 

demand, etc., have to be contemplated in the whole decarbonization picture. In the present study, 28 

we analyze the environmental and economic benefits of the integrated production of HCOO- and 29 

DHA by a renewable-driven CO2RP when the traditional EOR is substituted by the EOG 30 

alternative. Life-cycle thinking was used to support decision-making. HCOO- and DHA fossil 31 

routes as well as the traditional decarbonization EOR-scheme (that decarbonized the amount of 32 

HCOO-) were used for benchmarking. The integrated production in the proposed CO2RP is highly 33 

limited by the small market size of DHA compared to HCOO- and also, by the high energy 34 

requirements in the DHA purification step. Anodic DHA concentration over 1.5%wt. is 35 

compulsory in short-mid-term developments to achieve a positive decarbonization scenario when 36 

the integrated production of DHA and HCOO- is compared with the traditional route. A noticeable 37 

DHA market price reduction would be possible under proper anode developments. In addition, 38 

we evaluate the influence of renewable electricity market forecast in the economic figures of the 39 

DHA and HCOO- produced by the co-electrolysis technology. 40 

 41 

Introduction 42 

The world’s heavy reliance on the limited fossil fuels has caused an excess of anthropogenic CO2 43 

in the atmosphere overtaking nature’s CO2 recycling capability. This disturbance has resulted in 44 

the so-called greenhouse effect1 and global warming. In the latest decades, policy targets and 45 

scientific/technological efforts are focused on reducing CO2 emissions. In fact, the 46 

decarbonization of the economy is at the heart of European Green Deal.2 In this sense, chemical 47 

synthesis using the recycled greenhouse gas (GHG) CO2, as a feedstock, could open up a 48 

complementary strategy for decarbonizing the chemical industry while contributing to close the 49 
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anthropogenic carbon cycle. CO2 recycling faces another long-term concern, it can reduce our 50 

dependency on the still relatively available fossil resources. With a feasible implementation of 51 

carbon recycling plants (CO2RPs), especially if they are integrated into hard-to-abate sectors3, 52 

CO2 emissions would become an economically attractive resource to produce add-value fossil-53 

free chemicals. The climate benefits of these CO2-conversion chemicals rely on a substitution 54 

effect, which is the reduction in resource consumption and CO2 emissions elsewhere in the 55 

economy when conventional products are finally replaced by them. Of course, the energy needed 56 

for the CO2 conversion to chemicals has to be low-carbon to provide an environmental benefit 57 

over the fossil production route. Another advantage is related to the use of intermittent renewable 58 

sources (RWs) (i.e. PV solar and wind) that are currently limited by storage possibilities. CO2RPs 59 

could be a powerful strategy to convert this intermittent power to storable carbon-neutral 60 

chemicals. Much progress has been achieved in recent years and some projects have already 61 

entered the market as the company CRI in Iceland that produces 4000 t·yr-1 of methanol via CO2 62 

hydrogenation using surpluses of geothermal energy.4 63 

Several chemicals could be derived from CO2 and the technologies to convert CO2 into them are 64 

countless and found at different stages of maturity and performance.5 Among many CO2 65 

conversion products, we highlight formate or formic acid (HCOO-/HCOOH) as it may be 66 

employed as both feedstock chemical and fuel. The conventional production process of HCOO- 67 

involve the heating of fossil raw materials carbon monoxide (CO) and sodium hydroxide (NaOH) 68 

under pressure (or methanol (CH3OH) that replaces NaOH in the HCOOH production route). A 69 

clear advantage of HCOO-/ HCOOH is that it is a liquid product so it can be easily stored and 70 

distributed according to existing infrastructures. Regarding the global market of this chemical, it 71 

has evidenced a linear growth in the past few years, which is estimated to increase in the coming 72 

years from 620 kton in 2012 to 1 Mton in 2030 (around 350 kton in EU).6 This fact is mostly 73 

motivated by its potential as a storage medium for hydrogen.7 Among the CO2 conversion 74 

technologies, electrochemical reduction (CO2 ER) is currently the most mature technology to 75 

produce HCOO-/HCOOH from CO2 and it is expected a timeframe of only 10 years until 76 
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deployment.5 Det Norske Veritas (DNV) 8 and Mantra Venture Group9 have reported results from 77 

a 350 kg HCOOH·yr-1 and 35 ton HCOOH·yr-1 pilot plants, respectively.  These plants are based 78 

on the ER CO2 in conjunction with anodic water oxidation (i.e. with oxygen (O2) obtained as by-79 

product).  80 

In the latest decades, the CO2 ER studies have been focused on developing new catalysts, 81 

electrolytes and electrochemical reactors.10 The common configuration scheme found in literature 82 

is based on the co-electrolysis of CO2 (in the cathode) and water (in the anode) by the oxygen 83 

evolution reaction (OER). A recent study carried out within the research group of the authors has 84 

shown important progress regarding the cathode performance at lab scale11 reaching energy 85 

consumption values as low as 3.92 kWh·kg−1 of HCOO- and HCOO- concentrations close to 30% 86 

wt. Those values are following the last figures of merits found in a recent study carried out by the 87 

authors in which low carbon-HCOO-/HCOOH could be achieved by ER of CO2 (using EOR in 88 

the anode).12 However, OER consumes up to 90% of the electricity input in the electrochemical 89 

(EC) cell13 and recent techno-economic studies suggest the anodic electro-oxidation of glycerol 90 

(EOG) as a powerful alternative to the anodic OER resulting in a reduction of the overall 91 

electricity consumption by 53%.13,14 EOG reaction is also an opportunity to produce commercially 92 

valuable chemicals in the anode (instead O2) from widely available wastes, such as glycerol 93 

(GLY), making a sound contribution to the circular economy. Several EOG products are possible 94 

such as glyceraldehyde (GLAD), dihydroxyacetone (DHA), and glyceric acid (GA). Unlike the 95 

sacrificial EOR-based anodes, which produce O2 and can be valorized or emitted to the air with 96 

no-impact, these alternative production-anodes generate mostly liquid products (e.g. DHA, 97 

GLAD, GA). Among them, DHA is one of the most economically interesting anodic products due 98 

to its high market price (ca. 2 €·kg-1)15. Despite the high economic value, such liquid products 99 

must be purified otherwise, they should be considered as liquid wastes and the benefit from the 100 

EOG energy savings will be completely shadowed by the impact of the anode-waste management. 101 

As a rule, several factors than just EC cell enegy savings must be considered when assessing this 102 
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novel approach, such as i) the economic value of the anode product; ii) its market size; iii) the cell 103 

voltage; and iv) the complexity of the anode-product separation.15  104 

In the present study, we analyze the whole decarbonization picture to determine the environmental 105 

and economic feasibility of a CO2RP that is based on the co-electrochemical conversion of CO2 106 

and GLY into HCOO- and DHA. The results are compared with the conventional routes and the 107 

production by the traditional/first decarbonization approach, which considers the traditional 108 

anodic water oxidation. The study addresses: i) the possibilities of carbon footprint (CF) reduction 109 

with the proposed joint production in a CO2RP that uses alternative anodic EOG respect the 110 

conventional HCOO- and DHA and the well-knowledge traditional decarbonization approach 111 

(using anodic-OER); ii) the economic key performance indicators including the capital 112 

expenditure (CAPEX) and operational expenditure (OPEX), the net present value (NPV) and the 113 

Total Cost of Production (TCP) of the proposed CO2RP; iii) the possibilities for a near-term DHA 114 

market price reduction; and iv) the influence of the renewable electricity market forecast and other 115 

variables (cost of EC cell, CO2 price, etc.) in the overall economic figures. This study may guide 116 

the future developments of the innovative processes in CO2RPs in the context of the chemical 117 

industry decarbonization. 118 

Methodology 119 

In this paper, we do investigate the environmental benefits (in terms of carbon footprint (CF)) and 120 

the impact on economic figures of the recently proposed decarbonization scheme, which is based 121 

on renewable-driven electrochemical conversion of CO2 and GLY (considering anodic-EOG 122 

instead of the traditional anodic-EOR) into HCOO- and DHA. This scheme will permit an 123 

integrated decarbonization of HCOO- and DHA within the same plant. Therefore, authors use for 124 

benchmarking the CF for the same amount of these chemical when they are produced by their 125 

conventional fossil-based routes as well as the first/traditional approach that decarbonizes the 126 

amount of HCOO- using ER of CO2 coupled to anodic-EOR. The comparison between these three 127 

scenarios (Figure 1) will provide a whole picture of the decarbonization possibilities arising from 128 
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the recently proposed decarbonization scheme (Figure 1(c)) respect the benchmark, which is 129 

conventional routes (Figure 1(a)) and of course, the traditional/first decarbonization approach that 130 

was previously assessed (Figure 1(b)).3,16–18 According to our final objective, which is to produce 131 

HCOO- and DHA in the same integrated plant (CO2RP), the chosen functional unit (FU) is a 132 

mass combination of HCOO- and DHA. As was mentioned before, the first restriction is the 133 

market capacities of both chemical that will determine the plant capacity and the FU. Both 134 

parameters must be established taken into account that HCOO- and DHA have different markets 135 

sizes. It must be taken into account that 1 Mton·yr-1 is the global HCOO-/HCOOH capacity 136 

(around 350 kton·yr-1 in EU) whereas DHA capacity is limited to only 10 kton·yr-1 (in EU) 19. 137 

According to this market limitation, it is not possible to follow just the EOG stoichiometry (shown 138 

in the Supporting Information) as it would make no sense to assume a discarding of the excess of 139 

DHA. If we considere to dischargue the DHA excess, any benefit from EC energy savings will 140 

be shadowed by the impact of waste treatment.  Annual capacities of conventional formic acid 141 

plants could range between 20kton to more than 50 kton. The production capacity for HCOO- was 142 

fixed in this study at 12 kton·yr-1 according to similar CO2 utilization studies3,20 and taking into 143 

account a local production. DHA capacity in the CO2RP was restricted to 60% of the total EU 144 

capacity. A value of 5.7 kton·yr-1 was assumed for the DHA capacity in the proposed CO2RP 145 

(according to its small market size). Hence, in the proposed CO2RP a switch between EOG and 146 

EOR anodes must be done to fulfil the DHA market restriction. Once the DHA capacity (5.7 147 

kton·yr-1) is completed, an anode based on EOR (e.g. a commercial dimensionally O2 stable anode 148 

(O2-DSA)) continues producing O2 until the plant accomplishes the HCOO- capacity (12 kton·yr-149 

1). An anode switching is possible thanks to the EC modular design.21 Then, the EOG anode is 150 

disengaged (when 5.7 kton·yr-1 are produced) and the EOR anode is assembled. Furthermore, the 151 

proper electrolyte is pumped. It should be mentioned, that the electrolyte is commonly circulated 152 

via an external parallel-feed-manifold arrangement and therefore it can be switched 153 

simultaneously with the anode. Accordingly, the chosen FU is a joint amount of 1.00 kg of HCOO- 154 

and 0.47 kg of DHA. Note that the corresponding amount of water of 0.177 kg is considered in 155 

the mass balance to reach a HCOO- concentration of 84% wt., which is the current standard purity.  156 
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A mathematical model built in previous studies18,22 has been expanded to include the 157 

decarbonization approach (labelled as S3). The conventional production of HCOO- and DHA 158 

(labelled as S1) and the first/traditional HCOO- decarbonization approach by ER of CO2 coupled 159 

to the anodic-EOR (labelled as S2) (updated with the latest performance parameters) are used for 160 

benchmarking. Authors analyze the environmental benefit, in terms of CF and then, the influence 161 

on economics by comparing the obtained results in the proposed S3 with those coming from the 162 

previous well-known scenarios (S1 and S2). 163 
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 164 
* Conventional HCOO- route (S1) and DHA chemocatalytic route (S1 and S2) were modelled according to the 165 
benchmarking datasets. 23,24 Note that heat and electricity in those datasets comes from steam and grid mix, respectively. 166 
Conventional routes powered by renewables will be also assessed by sensitivity analyses. 167 

Figure 1. System boundary of the proposed decarbonization scenarios: a) traditional production 168 
(S1); b) first decarbonization approach (S2); and c) new decarbonization approach by the CO2RP 169 
to produce both HCOO- and DHA (S3) 170 

 171 

 172 

 173 

(a)

(b)

(c)
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Description of scenarios 174 

Conventional production and first/traditional decarbonization approach (benchmark) 175 

The conventional scenario called S1 integrates the conventional productions of 1.00 kg of sodium 176 

formate salt (HCOONa) and 0.47 kg of 1,3-dihydroxyacetone (DHA). Furthermore, authors 177 

included the first decarbonization approach labelled as S2. These scenarios will serve in this study 178 

as benchmarking to analyze the proposed HCOO- and DHA joint-production by the renewable 179 

driven-CO2RP (S3). 180 

The corresponding amount of HCOO- (1.00 kg) produced in S1 is modelled using the Ecoinvent 181 

dataset for HCOONa 23 while the DHA amount (0.47 kg) has been modelled by the chemocatalytic 182 

zeolite-based production route24,25. Note that from the environmental perspective HCOONa and 183 

HCOOH have almost the same impact on environments.26 Both chemicals can be produced during 184 

the CO2ER in the cathode (depending on the chemicals involved in the process and the pH) but 185 

most ER studies found in the literature report neutral to alkaline conditions. Under these 186 

conditions, a formate-based salt is the chemical specie that should be preferentially obtained.27 187 

Hence, the authors decided to choose the conventional production of HCOONa in the benchmark 188 

scenario. On the other hand, the chemocatalytic zeolite-based production is assumed as DHA 189 

conventional production route according to the last DHA production trends, which appointed this 190 

route as a possible replacement of the currently practised low-productive technology based on the 191 

biocatalytic process using the enzyme Gluconobacter oxydans19. Note that authors are performing 192 

a prospective or ex-ante feasibility assessment so the time at which the comparison is made must 193 

be aligned to the same development stage for all modelled technologies.28 Despite, HCOONa 194 

conventional route is mature with a high productivity, the currently biocatalytic system practised 195 

for DHA production has very low productivity and a high carbon footprint impact (around 5 kg 196 

CO2 eq·kg-1).24 For this reason, the chemocatalytic zeolite-based process was assumed in the 197 

conventional benchmark to achieve a fair prospective comparison. Both biocatalytic and 198 

chemocatalytic DHA production inventories are detailed in the Supporting Information. 199 
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The first decarbonization approach (S2) includes the common EC configuration in which CO2 is 200 

captured from a hard-to-abate source and reduced in the cathode to produce low carbon-HCOO- 201 

while water is oxidized in the sacrificial EOR-anode to produce O2 that can be emitted to the air 202 

with a negligible impact. The amount of DHA (0.47 kg) in S2 comes from its conventional route 203 

as until now, there is no CO2-based route to produce DHA. The first decarbonization approach 204 

(for 1 kg of HCOO-) has been previously modelled and assessed by the authors.16,17 However, as 205 

a novelty, in this study authors have used the latest ER performance parameters11 for modelling 206 

and DHA production has been integrated in the model. 207 

Decarbonization alternative using a CO2 recycling plant (CO2RP)  208 

In the proposed scenario, called S3, a CO2RP employs the co-electrolysis technology achieving 209 

a joint production of HCOO- and DHA. The scenario S3 allows us for evaluating the influence of 210 

the recent anode alternative (anodic-EOG) for the integrated decarbonization of these chemicals. 211 

On one hand, the feasibility of EOG (using glycerol, an abundant by-product of the biodiesel 212 

production) coupled to the oxygen reduction reaction has been effectively proved. 29–31 On the 213 

other hand, Verma et al., 13 has recently proposed to couple the anodic EOG to the cathodic ER 214 

of CO2 in order to reduce the cell voltage. According to that, the benefit of S3 respect the S2 is 215 

not only the reduction of the EC energy consumption but also, the possibility to decarbonize the 216 

amount of DHA (together with HCOO-) and to reduce the fossil resource consumption recycling 217 

CO2 and GLY a by-product from biodiesel production as raw materials, which makes a sound 218 

contribution to the circular economy. Authors aim to assess the conditions in which this 219 

alternative decarbonization approach could be considered feasible from the environmental and 220 

economic perspectives. 221 

The system boundary of S3 includes: (i) the capture technology that is based on absorption using 222 

MEA32 (a well-established end-of-pipe technology; the capture inventory can be found in the 223 

Supporting Information); (ii) the electrochemical process (EC cell); (ii) purification of formate-224 

based products by distillation; (iii) the compression of gas by-products and pumping for liquids; 225 

and (iv) an electric heat unit to supply thermal energy from renewable electricity to the capture, 226 
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purification and compression steps. In addition, we include: (v) a crude GLY purification step; 227 

and (vi) DHA purification (by crystallization technology). A detailed process simulation 228 

including the corresponding mass flows, compositions, P&T in the involved streams is out of the 229 

scope of the present study.  230 

The CO2 captured and water are injected into the cathode compartment. As the solubility of CO2 231 

is assumed to be high enough, the soluble CO2 reaches the cathode surface. The reaction is 232 

assumed in neutral to alkaline conditions.27  CO2 is reduced to HCOO- and H2O to hydroxide ions 233 

(OH-), in the presence of the correspondent electrolyte in the cathodic compartment of the EC 234 

cell. Simultaneously, when EOG is working the reaction taking place in the anode considers the 235 

formation of the mentioned amount of DHA (C3H6O3) (limited by its market size) and then, a 236 

sacrificial-EOR anode (the same as that used in S2) continues producing O2. Note that an ideal 237 

EC reactor, a perfect electrode would lead to a value of 100% for the faradaic current efficiency 238 

(FE) in both compartments. This would correspond with the formation of pure HCOO- in the 239 

cathode and pure O2/DHA in the anode. However, a fraction of the applied current density is 240 

deviated to other parallels/parasitic reactions27, reducing the FE to HCOO- production. In this 241 

study, H2 evolution reaction (HER) is assumed as the unique parallel reaction in the cathode. The 242 

O2 evolution reaction (in OER anode) and the DHA production (in EOG anode) are the only 243 

reactions taking place in the anodic compartment in each case. Within the electrochemical 244 

process, the cathode performance is entirely modelled by the latest lab-scale parameters obtained 245 

within the research group of the authors, which are the same in S2.11  In S3 an EOG anode (Pt-246 

Bi/C) produces the limited amount of DHA and then, it is switched by a sacrificial EOR-anode (a 247 

commercial DSA-O2 that produces O2) while the cathode performance scenario is kept (Bi-248 

GDEs). The DHA production rate by the EOG anode was linearly estimated from the values found 249 

in the literature31 and considering compatible current densities between cathode and anode (j, 45 250 

mA·cm-2). A detailed cathode and anodes (both EOR and EOG) performances description is 251 

shown in the Supplementary Information. 252 
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Table 1. Performance of the CO2RP and the traditional decarbonization approach (more 253 

information is available in Supplementary material) 254 

Parameter 
Traditional 

approach 
 Alternative approach 

 S2  S3 

   1st stage 2º stage 

Cathode Bi-GDEs  Bi-GDEs Bi-GDEs 

Anode DSA-O2  Pt-Bi/C DSA-O2 

Production HCOO- (kton·yr-1) 12.0  3.0 9.0 

Production DHA *  5.7 - 

* The DHA amount (5.7 kton·yr-1) is produced by the chemocatalytic process in the traditional 255 

decarbonization approach 256 

The energy consumption is considered as PV solar electricity for the EC step, compression of gas 257 

by-products and purification DHA and GLY. The thermal energy to the CO2 capture and 258 

desorption, the unit for the distillation of HCOO- and DHA purification (crystallization) were 259 

supplied by renewable heat instead of using fossil heat (i.e. steam from natural gas). Authors 260 

considered an electric boiler to produce electric-steam with a 99% heat/electricity efficiency 261 

driven by PV solar electricity33 as electric boilers have demonstrated to be suitable for larger 262 

installations using higher voltages and power capacities at lower installation expenses.34 Mass 263 

and energy balances, including the pumping of liquids, compression of gas subproducts, the 264 

distillation of HCOO-, crystallization of DHA and purification of the required amount of GLY 265 

are described in the Supplementary Information.  266 

 267 

Carbon footprint assessment 268 

In this study, CFs of the FU in the benchmarks S1 and S2 and the CF of the proposed 269 

decarbonization alternative in S3 were determined through the admittedly ex-ante LCA tool, 270 
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which is the best tool to assess the projected future of emerging technologies before their large-271 

scale implementation.35 The procedure evaluates the technology using scenarios that detail a 272 

future in which the technology system can operate at a full operational scale. This does allow for 273 

estimating and simulating the technology in the target scenarios, in particular those with 274 

maximum energy efficiency and better production rates for both HCOO- and DHA conversion 275 

products. The scenarios have been evaluated using a cradle-to-gate approach. The LCA 276 

assessment was performed using GaBi Professional software by Sphera36. The mid-point method 277 

CML 2001 was used to calculate the CFs. The method restricts quantitative modelling to early 278 

stages in the cause-effect chain to limit uncertainties.37 This method allows the assessment of 279 

impact grouped in midpoint categories according to common environmental mechanisms (e.g. 280 

global warming, abiotic depletion, etc.) or commonly accepted groupings (e.g. ecotoxicity). It 281 

must be highlighted that global warming impact (evaluated in terms of CF) was the only impact 282 

category shown in this study because the viability of the suggested technology should be fulfilled 283 

at least for the impact category indicator that is intended to benefit from this decarbonization 284 

process. Of course, a complete LCA study (including other environmental impact categories) 285 

must be considered as future work when this technology reaches a higher TRL. Furthermore, in 286 

this study, we have considered transport as a negligible impact in comparison with the parameters 287 

that are inherent to the decarbonization technology (e.g. electricity consumption, CO2 capture, 288 

GLY purification, etc.). Regarding GLY, we have only considered the impact that comes from 289 

the concentration upgrading (the inventory and purification details of crude GLY can be found in 290 

the Supporting Information). But GLY is assumed as burden-free. In any case, this assumption is 291 

pessimistic as it could have even negative CF value (-0.27 kg CO2·kg FU-1) because biomass 292 

absorbs CO2 in the cultivation stage.38 Certainly, other influences such as transport, geographical 293 

location, renewables sources, specific origin of CO2 or GLY etc. must be also considered and 294 

studied for each particular solution before the implementation of the emerging technology in 295 

CO2RPs. In the scenarios S2 and S3 a system expansion was carried out following the ISO 14040-296 

series39,40 to quantify the effect of minor sub-products on emissions of the CO2RP when necessary 297 

(i.e. H2 and O2 that are produced in the cathode and anode, respectively). H2 and O2 could be 298 
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valorized and included as avoiding emissions or emitted to the atmosphere with a neglected 299 

environmental impact. Their CFs, calculated using their Ecoinvent datasets, are 1.75 kg·kg-1 and 300 

0.702 kg·kg-1 of H2 and O2 respectively (expressed as the amount of CO2 eq per unit of mass of 301 

H2/O2 produced. The following additional hypothesis were assumed in this study: 302 

i. The CO2 valorization plant is close to the CO2 and GLY sources and then no transport is 303 

considered. CO2RP are intended to be implemented in industrial clusters. . 304 

ii. The feed of CO2 to the plant is assumed to be pure and with a suitable pressure for the ER 305 

process. 306 

iv.         The crude GLY as waste coming from biodiesel production is assumed to be free of 307 

environmental burdens.  308 

iv. The vapour steam (from the electric boiler) needed for the purification units is at dry 309 

saturated conditions. 310 

v. Electrolytes used in the process can be perfectly separated and recirculated and therefore 311 

their impacts are neglected. 312 

 313 

Economic assessment 314 

An economic analysis has been conducted to estimate the Total Cost of Production (TCP) required 315 

to synthesize HCOO- and DHA in S2 and S3 that can be compared with the reference conventional 316 

market prices 0.65 €·kg-1 (HCOO-) and 2 €·kg-1 (DHA). The economic impact in S3 caused by 317 

the DHA co-electrolysis (including its purification cost) was also evaluated.  318 

The capital (CAPEX) and operational expenditures (OPEX) of each scenario were estimated 319 

together with the calculation of the key performance indicator (KPI) of net present value (NPV). 320 

OPEX consists of Fixed and Variable Operating Costs (FCP and VCP, respectively). VCP 321 

includes the costs of: i) raw materials consumed by the processes, ii) utilities, and iii) 322 
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consumables. FCP involves: i) operating labour, ii) supervision, iii) direct salary overhead, iii) 323 

maintenance, iv) property taxes and insurance, and v) interest.   324 

The currency exchange rate used in the study is €2020, which was based on Eurostat data.41 The 325 

preferred geographical location of the analysis is the EU-27. The lifetime of the plant is assumed 326 

to be 20 yr. The reader must note that at the current low TRL values of the co-electrolysis 327 

technology, it is not suitable to envisage larger plant lifetimes. Most of these prices and costs were 328 

assumed constant for the analyzed period. However, a sensitivity analysis was performed in order 329 

to investigate the sensitivity of the NPV to the expected variation of some affecting parameters. 330 

We chose the economic parameters that are likely to change in the short/mid-term such as energy 331 

price, CO2 price and of course, the market price of DHA. The plant features, cost of equipment 332 

and market price of utilities that were considered in the assessment are shown in the 333 

Supplementary Information. The assessment of the market penetration of the emerging 334 

technology (scenario S3) is out of the scope of the present study. It must be taken into account 335 

that this technology is its infancy (proof of concept and lab-scale) and there is a restriction marked 336 

by the lack of data. 337 

Results and discussion 338 

Carbon footprint assessment 339 

The operating inventories obtained from the mathematical model for the production of the FU 340 

(1.00 kg of HCOO- + 0.47 kg of DHA) are shown in the Supplementary Information. Briefly, raw 341 

materials for the first/traditional decarbonization approach (scenario S2) are 0.957 kg of CO2 and 342 

1.025 kg of H2O while 0.631 kg of GLY is required in the proposed S3. The inventory includes 343 

the values for the main utilities (heat and electricity) as well as the raw materials used in the 344 

processes. Other utilities displayed include the needs in both DHA and GLY purification 345 

processes such as air compressed, acetone, process water, etc. It must be highlighted the 346 

noticeable energy consumption by the DHA purification process. In particular, in S3 a value of 347 

heat consumption of 104 MJ·kg-1 (per mass of FU) is required in this stage while 17.02 MJ·kg-1 348 



16 
 

(per mass of FU) is required for the purification of the amount of HCOO-. It was expected due to 349 

the current low concentration of DHA in the anode outlet stream (0.4% wt.). 350 

Figure 2 displays the CFs results of the production of the FU (1.00 kg of HCOO- + 0.47 kg of 351 

DHA) by the conventional S1, the traditional decarbonization scenario, S2, as well as the 352 

proposed joint decarbonization alternative in S3. By this comparison, authors aim to demonstrate 353 

the decarbonization possibilities of S3 respect the conventional (S1) and its competitiveness and 354 

hot spots when comparing with the traditional decarbonization approach, S2.  The CF of the 355 

conventional production is around 2.8 kg CO2·kg FU-1. S2 achieves a considerable CF decline. 356 

The CF value in S2 is 1.5 kg CO2·kg FU-1 considering no commercialization of by-products H2 357 

and O2 neither the CO2 amount recycled (0.957 kg), which would be assumed as allocated to the 358 

main product of the CO2 source (e.g. a hard-to-abate sector). If H2 and O2 would be considered 359 

(i.e. commercialization) and the amount of CO2 recycled allocated to the recycling plant, the CF 360 

value could be as low as 0.25 kg CO2 eq per kg of FU. Note that in scenario (S2), DHA comes 361 

from its conventional production (blue bars). In any case, the CF range is lower than CF of S1 362 

(2.8 kg CO2·kg FU-1). The green bars represent the joint DHA and HCOO- production by the co-363 

electrolysis in S3. In this case, DHA is synthesized in the EC cell, avoiding its conventional route. 364 

As was expected, the CF results are higher than those obtained in S2 due to the high impact that 365 

comes from the DHA purification step. In the proposed alternative, and under the co-electrolysis 366 

assumptions, the obtained CF is 2.9 kg CO2·kg FU-1 with no commercialization of the subproducts 367 

(H2 and O2) and the amount of CO2 recycled is allocated to the main product of the source. 368 

Nonetheless, the value is quite close to CF value from S1 (2.8 kg CO2·kg FU-1) but higher than 369 

CF from S2. As it was expected, the CF values obtained from S2 shows the great improvement of 370 

this traditional approach comparing with our previous studies12,22. It should be mentioned that this 371 

kind of decarbonization approaches would be competitive only if they are based on renewables 372 

(i.e. on a low carbon electricity) while the main constraint to the conventional route (S1) is the 373 

fossil resource consumption. Notice that these fossil resources that are comsumed as raw materials 374 

in S1 are avoided in the decarbonized pathway, which is in agreement with the recent LCA 375 
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guidelines for decarbonization technologies.42 Note that the conventional HCOO-+DHA routes 376 

has only 0.581 kWh·kg FU-1 of electricity consumption (from the Grid mix) while the HCOO-377 

+DHA produced in the CO2RP, under our assumptions, can consume more than 4.0 kWh·kg FU-378 

1. In addition, heat consumption (as steam) represents an overall value of 3.633 MJ·kg FU-1 in the 379 

traditional S1. For a fair comparison, authors have also considered the same renewable 380 

background in S1. If both heat and electricity consumption were supplied by renewables (from 381 

PV solar) the overall CF of S1 would decrease to 2.53 kg CO2 eq·kg FU-1. 382 

 383 

Figure 2. CF results of conventional route (S1) the traditional decarbonization scenario (S2) and 384 

the joint production in the alternative scenario (S3) (CF values are expressed as unit of mass of 385 

CO2 eq per unit of FU (1.00 kg of HCOO- + 0.47 kg of DHA)) 386 

 387 

A breakdown of the CFs in both decarbonization approaches is carried out to identify the hotspots 388 

and then, to evaluate the challenges of the recent alternative decarbonization route (S3) by the 389 

comparison with the traditional approach (S2). Essentially, author aim to assess the window of 390 

opportunity of S3 in relation with the traditional approach (S2) in order to guide future 391 

developments of the electrochemical technology. According to the breakdown results (Figure 392 

3(a)), the electricity consumption by the HCOO- purification step and the EC cell are important 393 
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contributors to the CF value from S2 accordingly to our previous results.16 Of course, now the 394 

highest impact in the traditional scenario is the DHA, which comes from its conventional route. 395 

Its contribution represents the 46% of the overall CF value. Note that in S2 approach the amount 396 

of DHA is not decarbonized being still produced by its conventional route. The results indicate 397 

that certainly, co-electrolysis technology could open an opportunity to reduce the CF of such 398 

alternative anodic-chemicals, as DHA, avoiding effectively the impact from their conventional 399 

production routes. The analysis of the breakdown results from S3 (Figure 3(b)) shows the 400 

unbalanced compromise between the EC cell energy savings (achieved by the cell potential 401 

reduction when EOG replace EOR) with the energy consumption by the purification of the anodic 402 

DHA. It can be seen that this consumption of energy by the purification step represents 74% of 403 

CF value. Actually, DHA purification is the main hot spot of the novel decarbonization approach. 404 

Further research should be focused now on the anode EOG performance to achieve higher DHA 405 

concentration (i.e. new catalyst, electrolytes…). Other contributions such as the HCOO- 406 

purification, the EC cell electricity consumption and CO2 capture step have a similar influence on 407 

the value. Processes such as pumping or GLY purification are negligible in both scenarios.  408 

 409 

Figure 3. CF breakdown results of CF in scenarios S2 (a) and S3 (b) 410 

In agreement with the previous results, the next step is to establish the target DHA concentration 411 

that should be achieved at the anode compartment to ensure the environmental competitiveness 412 

of S3. A sensitivity assessment of the CF versus DHA anode concentration was performed (Figure 413 

4). Note that HCOO- concentration in the cathode compartment is fixed in this study at 30.0% wt. 414 

(in S2 and S3, according to the latest lab concentration achievements). A concentration of DHA 415 
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over 1.5% wt. would be needed to achieve CF equal to S2, i.e. carbon-free HCOO- compared with 416 

the conventional route. If we consider the comerciallization of H2 and O2 and the amount of CO2 417 

recycled (0.957 kg of CO2) was allocated to the recycling plant, a concentration of DHA over 418 

2.4% wt. would suggest a net-zero emissions of the joint production in the CO2RP (CF=0.0 kg 419 

CO2·kg-1). 420 

 421 

Figure 4. Sensitivity analysis of the influence of DHA concentration (in the anode) on the CF of 422 

S3 and the breakdown CF analysis in the target anode performance (DHA, 1.5%wt.) 423 

 424 

Economic assessment 425 

Once the feasible/target performance scenario for S3 from the environmental perspective has been 426 

found, an economic assessment must be carried out. The objective is to evaluate the chance of S3 427 

for being deploy under a future market perspective. The target performance scenario (found in 428 

the previous section) is that in which DHA is produced in the anode compartment at 429 

concentrations around 1.5%wt. Taking this assumption, S3 could achieve the same 430 

decarbonization degree as the traditional decarbonization approach (S2). In this section, the 431 

economic viability of the investment for the installation of a CO2 capture and utilization plant is 432 

investigated for both S2 and S3 decarbonization scenarios. The KPIs values are displayed in Table 433 
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2. It was estimated a CAPEX increment of 18% with the consideration of the EOG reaction 434 

instead of the OER in the anode, which is mainly due to the DHA purification infrastructure 435 

investment and the higher price of EOG anode that is under development comparing with the 436 

traditional DSA-O2 (that is commercially available). Figure 5 shows the VCP distribution for both 437 

scenarios. The overall annual production cost expenditure (OPEX) for S2 and S3 are about 9.2 438 

M€ and 17 M€, respectively. The most important contributor is represented by energy costs for 439 

HCOO- distillation (37%), consumables (37%) and the electricity consumption by EC cell (25%) 440 

in S2. On the contrary, the cost for DHA purification (42%) and consumables (28%) are the main 441 

cost contribution in S3 (Figure 5); it is worth noting that other costs are negligible such as pumping 442 

of or GLY purification costs. 443 

Table 2. Results of economic assessment for scenarios S2 and S3  444 

KPIs UNIT  S2 S3 

CAPEX  M€ 27.0 32.0 

VCP  €·kg-1 0.55 1.2 

FCP  M€·yr-1 2.6 2.7 

OPEX  M€·yr-1 9.2 17 

TCP HCOO
-  €·kg-1 0.90 0.67 

TCP DHA  €·kg-1 - 1.40 

NPV  M€ -31.0 (no feasible) -5.00 (no feasible) 

 445 
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 446 

Figure 5. Annual variable cost breakdown for S2 and S3  447 

 448 

Both scenarios can be positive from the environment perspective, however, the NPV values 449 

obtained in the economic assessment indicate that both decarbonization approaches are still 450 

unfeasible under current market conditions. In order to know the situations in which these projects 451 

could become profitable, different sensitivity analyses have been performed for both S2 and S3. 452 

The influences of HCOO- market price, CO2 price (as benefits from a tax on emissions) and 453 

electricity market price in the NPV indicator of the traditional approach are displayed in Figure 454 

6. At current HCOO- market prices (0.65 €·kg-1) the project will be profitable for electricity 455 

market prices under 10 €·MWh-1. Electricity market prices higher than 20 €·MWh-1 would require 456 

increasing the current price for HCOO- in the market up to 0.85-1.00 €·kg-1. The results show that 457 

CO2 price (considered as a tax on direct emissions from the source plant) is the less-sensitive 458 

parameter to the economics. Even though the CO2 market price is expected to vary considerably 459 

in the short/mid-term, the variation in the economic figures of the plant will be mild in comparison 460 

with the influence of the electricity or HCOO- prices. The results indicate that a price of electricity 461 

lower than 10 €·MWh-1 would be necessary under current CO2 price (0.033 €·kg-1) while prices 462 

over 15 €·MWh-1 would allow positive NPVs considering an income from CO2 higher than 0.1 463 

€·kg-1. This CO2 income price (0.100 €·kg-1) is found in the range of those CO2 tax values 464 

predicted in EU ETS by 2050 43. On the hand, PV solar prices were predicted to decrease in the 465 
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range from 25 €·MWh−1 to 45 €·MWh−1 by 2030, reaching a value as low as 10 €·MWh−1 by 466 

2050.44,45 467 

 468 

Figure 6. Sensitivity analysis of the influence in NPV of S2 of: (a) HCOO- and electricity market 469 

prices; and (b) CO2 price and electricity market price 470 

The obtained NPV value for S3 (-5 M€) is much closer to the feasibility (NPV>0) than the NPV 471 

from S2 (-31 M€). This fact denotes that the needed market conditions to ensure economic 472 

feasibility in the proposed decarbonization approach could be mild in comparison with the needed 473 

market conditions needed under the traditional approach (S2). The main advantage in the 474 

economic figures of S3 is the benefit that comes from the commercialization of the fine chemical 475 

DHA. However, this benefit should be balanced with the DHA purification cost, which is the 476 

main contributor to the operation cost of this novel decarbonization approach. Authors carried out 477 

a sensitivity analysis to display the influence of the most affecting parameters in the economics 478 

of S3 (Figure 7). As it can be seen in Figure 7 the window opportunity for economic feasibility is 479 

much broader than the feasibility window obtained in the previous traditional approach (seen in 480 

Figure 6). The analysis of the influence of the DHA concentration (obtained in the anode 481 

compartment of the EC cell) on the NPV indicator (Figure 7(a)) shows that DHA concentrations 482 

over 3%wt. improve noticeably the economic figures, even at the current electricity market price 483 

(40 €·MWh-1). One of the parameters that affect the most to the economic figures is the DHA 484 

market price (Figure 7(b)). In this study, it was investigated the price reduction possibilities since 485 
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the current DHA market price is still significantly high (2 €·kg-1). Despite the small current size 486 

of the DHA market in the EU, with the ongoing development of new cheaper production 487 

alternatives, it is expected that its market spreads and hence its market price could sharply 488 

decrease.19 The results obtained in the sensitivity assessment indicate that under electricity market 489 

prices lower than 20 €·MWh-1, DHA market price could be reduced up to 1.6 €·kg-1 (considering 490 

that 5.7 kton·yr-1 of DHA are effectively sold in the market). Of course, the further expected future 491 

reduction of the electricity market price will promote DHA market price reductions. Other 492 

influences, such as the expected EC cell cost reduction (Figure 7(c)) in a short/mid-term and the 493 

rising CO2 price (Figure 7(d)) have been analysed. The influence of these parameters are much 494 

slighter than the influence of DHA market price or even the anodic DHA concentration, 495 

nevertheless, in combination with a reduction of the electricity market price, these could also 496 

improve the overall economic figures. Strong policies are expected in the coming years to create 497 

incentives for achieving a decarbonization roadmap including direct incentives or adjustments to 498 

the financial requirements for investment or utilities incentives for companies that consider CO2 499 

recycling, among other decarbonization solution (e.g hydrogen, biomass, electrification, etc.). 46,47
 500 

 501 
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 502 

Figure 7. Sensitivity analysis of the influence in the economics of S3 of the electricity market 503 

price and the variation of: (a) DHA concentration; (b) DHA market price; (c) EC cell cost; and 504 

(d) CO2 price 505 

 506 

Conclusions 507 

This paper has investigated the possibilities of a joint decarbonization of HCOO- and DHA 508 

manufacture using a carbon recycling plant (CO2RP), which is based on the renewable-driven 509 
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co-electrochemical conversion of CO2 and glycerol (GLY). This study has shown the 510 

environmental and economic benefits when alternative oxidation reactions as GLY electro-511 

oxidation (EOG) are considered in the anodic compartment instead of the traditional 512 

decarbonization approach, which is based on the anodic oxygen evolution reaction (EOR). The 513 

environmental assessment results of the HCOO- and DHA production in the reference scenario 514 

(based on the traditional decarbonization approach that used anodic-OER) displayed CF values 515 

for the joint production in the range of 1.5-1.2 kg·kg-1. The integrated production in the proposed 516 

CO2RP is highly limited by the small market size of DHA compared to HCOO- and also, by the 517 

high energy requirements in the DHA purification step. The proposed joint decarbonization 518 

approach in the CO2RP could represent a 10% of energy savings in the EC cell consumption as 519 

well as a benefit from the DHA production in the anode instead of traditional low-value O2. EC 520 

cell energy savings can be shadowed by the large amount of energy consumed by the DHA 521 

purification, which is currently synthesized at low concentrations in the anode compartment 522 

(0.4% wt.). A sensitivity analysis has appointed a target DHA concentration of 1.5%wt. to achieve 523 

a carbon-neutral synthesis comparing with the traditional decarbonization approach. The 524 

economic assessment results for the traditional EC performance indicated that the project would 525 

be feasible when the electricity market price is under 10 €·MWh-1 while the feasibility window 526 

obtained for the proposed joint HCOO- and DHA production in the CO2RP is much broader. The 527 

proposed decarbonization alternative would be economically feasible from electricity market 528 

prices values of 20 €·MWh-1 or lower. The CO2 price (considered as a tax on direct emissions 529 

from the source plant) that is expected to vary considerably in the short/mid-term, is less sensitive 530 

to the economics. The market price of DHA could be noticeably reduced under proper 531 

developments of the co-electrolysis technology. The results obtained in this study have 532 

demonstrated the environmental and economic benefits of the novel EC scheme of considering 533 

the EOG to DHA (in the anode) with the ER of CO2 to HCOO- (on the cathode). The study 534 

represents a step forward in the electrochemical CO2 conversion, proposing the new figures of 535 

merits regarding the concentration of the alternative anodic product DHA as well as the 536 
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possibilities for DHA market price reduction and the expected short-mid term feasibility under 537 

electricity market price reduction.  538 
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