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A B S T R A C T

The electrification of chemical processes and CO2 utilization are key approaches to improving efficiency and 
reducing CO2 emissions in the process industry. The development of electrolyzers has gathered momentum, 
enabling the potential introduction of renewable electrons into the manufacture of CO2-based chemicals. While 
the performance of electrolyzers is subject to improvements driven by the experimental community, the gen
eration of waste heat is unavoidable due to electrical resistances and process inefficiencies within the electro
chemical cells. Nonetheless, reusing this waste heat has yet to be investigated for CO2 electrolyzers. This novel 
work shows the potential for upgrading the electrolyzer waste heat by means of a heat pump, enabling its uti
lization in the separation processes downstream of the carbon dioxide electrolyzer. The product chosen is formic 
acid (60 kt/y), and for our system, the waste heat represents approximately 60 % of the power input to the 
electrochemical cells, and it can be upgraded from 50 ◦C to 120 ◦C to drive the azeotropic distillation of formic 
acid and water. This integration results in the electrification of 76 % of the separation energy duty, yielding a 
decrease in CO2 emissions of 29–84 % compared to the conventional production, depending on the source of 
electricity. The results demonstrate that the use of traditional heating media in thermal separation processes can 
be offset and substituted with (renewable) electrical energy, allowing for an increased overall system efficiency. 
This approach can be readily extended to different productions based on carbon dioxide electroreduction, for 
example for methanol and ethanol manufacture. This eco-efficient process design leads to a deeper penetration of 
renewable energy into chemical manufacturing, as both reaction and separation are driven by electricity.

1. Introduction

Electrification and carbon dioxide utilization are recognized as 
fundamental strategies to improve the environmental performance of 
chemical processes and advance the industry towards its decarbon
ization targets (Mallapragada et al. 2023; Zhao et al. 2023). In partic
ular, low-temperature carbon dioxide electrolysis combines the two 
approaches, exploiting (renewable) electricity to drive the conversion of 
carbon dioxide into useful products (De Luna et al. 2019). However, this 
is a generally inefficient process due to ohmic and kinetic losses (Zhang, 
Xie, and Wang 2022), which translate into waste heat generation (Van 
Der Roest et al. 2023). This waste heat offers a potential for energy 
integration, even though its low temperature limits possible applica
tions. To expand the use cases, heat pumps can be deployed, raising the 
temperature level of the heat and allowing for its utilization (Schlosser 
et al. 2020). Moreover, mechanically driven heat pumps are also based 
on electricity inputs, thus furthering the substitution of conventional 

fossil-based energy with (renewable) electrical one (Kiss and Smith 
2020).

Low-temperature carbon dioxide electrolysis has seen major ad
vancements in recent years, driven by the experimental community 
(O’Brien et al. 2024), with contributions from Process Systems Engi
neering via techno-economic and life-cycle assessments (Somoza-Tornos 
et al. 2021). However, the problem of operating temperature and waste 
heat management in the electrolyzers is largely unexplored: most 
experimental setups are operated at room temperature, with fewer ex
amples of experiments carried out at higher temperatures (Lee et al. 
2018; Hu et al. 2023), while other studies investigate the effects of 
temperature on the cell performance (Kibria et al. 2019; Gabardo et al. 
2019; Vos and Koper 2022; Vos et al. 2023). The findings show positive 
effects of higher operating temperatures on current densities, owing to 
increased conductivity and faster reaction kinetics, and Hurkmans et al. 
(2025) show that an optimal operating temperature for the reactor lies 
between 60 and 70 ◦C. Notably, this range is similar to the operating 
temperature reported for water electrolyzers (both PEM (Bonanno et al. 
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2024) and alkaline (Zhang et al. 2024)).
Among the products of carbon dioxide electrolysis, liquid products 

present specific process challenges due to the dilute nature of the elec
trolyzer product stream, which translates into significant energy de
mands for their separation (30–85 % of the total process requirements) 
(Kibria Nabil et al. 2021; Orella et al. 2020). Since most separation 
technologies are thermally-driven (Kiss and Smith 2020), and process 
heat is mostly fossil-based (IEA 2024), these processes would incur 
significant emissions, thus undermining their advantages compared to 
conventional productions (Kibria Nabil et al. 2021). One strategy to 
address this issue is to increase the concentration of the product streams 
without compromising the reactor efficiency, but this is still an open 
challenge (Zhu and Wang 2021). Alternatively, process technologies can 
be devised to improve the separation performance, as Barecka et al. 
(2023) have done for ethanol. However, given the availability of large 
amounts of waste heat from the electrolyzers, energy integration can be 
performed by coupling the upstream energy output with the down
stream energy demand via a heat pump. In this work, we demonstrate by 
developing a techno-economic assessment that this can lead to a sub
stitution of the external heat supply with (renewable) electricity, 
resulting in environmental and economic advantages for the overall 
system. As the heat pump performance is dependent on the source (the 
electrolyzer) and the sink (the downstream) temperatures, our work also 
highlights the additional benefit on the overall process of increasing the 
electrolyzer operating temperature (in the range from 50 to 70 ◦C).

Heat pumps are used to improve the efficiency of industrial processes 
(Schlosser et al. 2020; Jiang et al. 2022), and while their penetration in 
the industry is still relatively modest, their possible impact is recognized 
(Madeddu et al. 2020). Their application to waste heat upgrade from 
low temperature electrolysis has been explored in the works of Van Der 
Roest et al. (2023) and Galvan-Cara and Bongartz (2025) with respect to 
hydrogen production. In our work, we extend this concept to carbon 
dioxide electrolysis processes, selecting, as a case study, the production 
of formic acid. This is a product readily obtained via carbon dioxide 
electrolysis (Fernández-Caso et al. 2023), and is of interest in the 
chemical industry, albeit with a comparatively smaller market (~1 
Mt/y) with respect to other base chemicals (Hietala et al. 2016), even 
though new applications, in particular as an energy storage medium, 
might expand it in the future (Thijs et al. 2022; Chatterjee et al. 2021; 
Crandall et al. 2023). The interest in formic acid is also evidenced by the 
number of process designs and techno-economic assessments for its 
manufacturing from carbon dioxide, including both thermochemical 
hydrogenation (Pérez-Fortes et al. 2016; Kalmoukidis et al. 2024; Kim 
et al. 2024), and low temperature electrolysis (Rumayor et al. 2019; 
Ramdin et al. 2019; Rumayor, Dominguez-Ramos, and Irabien 2019).

Moreover, while high energy efficiency for the electrolyzer is 
generally recognized as a fundamental requirement for the competi
tiveness of carbon dioxide electrolysis processes (Martín et al. 2015), our 
energy-integrated process allows for a broader investigation. Specif
ically, we explore the system-wide trade-off between cell efficiency and 
external heat supply. In fact, we can identify through a multi-objective 
optimization the operating conditions for the electrolyzers that lead to 
the best economic and environmental performance for the overall sys
tem. These conditions are dependent on wider techno-economic 

assumptions, namely the price and source (renewable versus grid) of the 
electricity inputs.

Within this paper, we first describe the process design for the con
version of carbon dioxide to formic acid, basing the electrolyzer design 
on experimental data and the separation process on designs from the 
literature (Yang et al. 2020; Ramdin et al. 2019). Energy integration is 
performed via a mechanically-driven heat pump – a technology not yet 
explored in the context of carbon dioxide electrolysis processing – and 
we include a screening of different working fluids and conditions, 
evaluating the techno-economic and environmental advantages of the 
integrated system. We benchmark this against the conventional formic 
acid production based on fossil resources, as well as literature studies for 
its manufacture from carbon dioxide. The analyses are compounded by 
process optimization under different conditions, offering additional and 
novel perspectives into the behaviour of the carbon dioxide electrolysis 
process to liquid products.

2. Methodology

This section presents the methodology used to design and size each 
part of the process, followed by the presentation of the economic and 
environmental metrics utilized. Finally, the optimization of the process 
is introduced.

The process is composed of three main parts, as shown in Fig. 1: the 
electrolyzers, the downstream separations, and the heat pump. The 
electrolyzers and downstream are connected via mass flows, while the 
heat pump integrates the process sections through energy exchanges, 
recovering and upgrading the waste heat from the electrolyzer to pro
vide it to the separations. The steady state process was designed and 
simulated in Aspen Plus®, sizing the plant for an industrially-relevant 
capacity (60 kt/y of FA at 85 wt %, with 8000 h/y of operation).

2.1. Electrolyzer

A three-compartment reactor based on the work of Yang et al. (2020)
(Dioxide Materials, 2024) was selected for this study. This system, 
shown schematically in Fig. 2, was chosen due to its overall good per
formance and its simplicity, since it does not include additional elec
trolytes and produces directly a solution of formic acid, eliminating the 
need for further ionic separations. The cell is fed with deionized water 
on both the anode and middle compartments, while the cathode receives 
a gaseous stream of carbon dioxide. The main (overall) reaction is given 
in Eq. (1), whereas secondary reactions lead to the formation of 
hydrogen and carbon monoxide (Eqs. (2) and (3), respectively). Formic 
acid leaves the cell from the middle compartment, while the gaseous 
by-products leave with the unreacted carbon dioxide stream. 

CO2+H2O→HCOOH+0.5 O2                                                           (1)

H2O→H2+0.5 O2                                                                           (2)

CO2→CO+0.5 O2                                                                           (3)

The key performance metrics considered for this study include cell 
voltage, current density, Faradaic efficiencies, and temperature. The 
polarization curve was obtained from experimental data reported in 
Yang et al. (2020), as well as the effect of the middle compartment flow 
on the Faradaic efficiencies (see Supplementary Information for more 
details). The availability of data limits the cell voltage range considered 
to 2.3–4 V.

The total current i and power input P to the electrolyzers are calcu
lated based on Eqs. (4) and (5), where R is the production rate of formic 
acid, z is the number of electrons per mole of product, F is the Faraday 
constant, FE is the Faradaic efficiency towards the product, and Ecell is 
the cell voltage. The dependency of the current density on the cell 
voltage is captured thorough the fitted polarization data, and it is used to 
evaluate the power requirements and electrolyzer area at scale. 

Notations and abbreviations

CAPEX Capital Expenditure
COP Coefficient of Performance
OPEX Operational Expenses
PEM Proton Exchange Membrane
VCHP Vapour Compression Heat Pump
VHC Volumetric Heating Capacity
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i =
R

z F FE
(4) 

P = i Ecell (5) 

The thermoneutral voltage Eth,k (for product k) is the value of the 
voltage at which the cell dissipates no heat, as the heat developed by the 
system inefficiencies and overpotentials balances the heat required by 
the endothermic reactions (Harrison et al. 2010). This value was used to 
evaluate the performance of the electrolysis step through the energy 
efficiency, as defined in Eq. (6), where, FEk is the Faradaic efficiency for 
product k, and Ecell is the total cell voltage, with the voltages calculated 
at standard conditions (Martín et al. 2015). 

ε =

∑
kEth,kFEk

Ecell
(6) 

The thermoneutral voltage is also used to estimate the thermal power 
dissipated by the electrolyzers, calculated as the product of the total cell 
current and the difference between the cell voltage and the thermo
neutral voltage, as given in Eq. (7) (Van Der Roest et al. 2023), where ik 

is the partial current for product k (ik = FEki, with i total current). 

Qw =
∑

k
ik
(
Ecell − Etn,k

)
(7) 

The performance of the electrolyzer was selected based on an 

economic trade-off between the calculated capital and operational 
expenditure (see Section 2.4), selecting the cell voltage value corre
sponding to the minimum of the total costs. The design of the electro
lyzer was carried out first in a stand-alone way for the base case design of 
the process, and it was then revisited within the process-wide optimi
zation based on the energy integration of the process.

The electrolyzer model was first implemented in Python for detailed 
design, and then in Excel to embed it within Aspen Plus as a User2 
custom model. The thermodynamic package of choice for this part of the 
flowsheet is ELECNRTL, as this can account for the dissociation of formic 
acid in water and presents built-in binary interaction parameters for the 
system of interest (Aspen Technology, Inc. 2013).

Note that the model of the electrolyzer is based on data collected at 
room temperature, which are applied to a cell assumed to be operated at 
higher temperatures. Temperature difference could affect both the ac
tivity and the selectivity in the system, and on one hand the polarization 
curve of the system could change as kinetics, conductivities, and re
sistances are functions of temperature. On the other hand, the equilib
rium and thermoneutral potentials are not significantly affected by 
changes in temperature (see Supplementary Information), thus corrobo
rating the use of Eq. (7). Moreover, the electrolyzer has been scaled up 
linearly based on the performance of the lab-scale equipment, assuming 
that the flow rates in the different compartments scale with the area of 
the equipment. Likewise, the current density versus voltage curve, as 
well as the effect of the middle compartment flow on the Faradaic effi
ciencies, are set not to change as the area is increased. This approach 
does not capture potential scale-up issues with respect to mass transport 
limitations or increased ohmic losses: these would affect the various 
overpotentials and ultimately the cell voltage-current density relation
ship (Wakerley et al. 2022; Salvatore and Berlinguette 2020; Goldman 
et al. 2023).

2.2. Downstream separation

The electrolyzer outlet is a diluted aqueous mixture of formic acid, 
which presents a maximum boiling point azeotrope (Hietala et al. 2016). 
The separation of this mixture, studied mostly within the context of 
conventional production routes, can be accomplished via extractive 
distillation (Ge et al. 2023), pressure swing distillation (Chua et al. 2019; 
Mahida et al. 2021), or several intensified technologies (Sharma et al. 
2018; Da Cunha et al. 2018). Ramdin et al. (2019) also discuss the 
production of formic acid via carbon dioxide electroreduction, and they 
discourage the use of distillation for the separation of diluted aqueous 
formic acid streams (<10 wt %), due to the large amount of water to be 
removed. The solution they propose is a combination of extraction using 
a low-boiling solvent, namely 2-methyltetrahydrofuran (2-MTHF), fol
lowed by azeotropic and vacuum distillation to recover the product, and 

Fig. 1. Block flow diagram for the process, showing the three main process components (electrolyzers, downstream separations, and heat pump). The main energy 
streams are also shown, with the electricity inputs in green and thermal energy flows in orange.

Fig. 2. Simplified scheme of a three-compartment cell for the reduction of 
carbon dioxide to formic acid (based on Yang et al. (2017)). The cell comprises 
an anodic side, in orange, where water is oxidized to oxygen; a middle 
compartment, in grey, where the formic acid product is collected; and a 
cathodic side, in blue, where CO2 is reduced to formic acid.
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finally by a stripper to recycle the solvent. In addition, 2-MTHF can be 
sourced renewably from biomass and has been described as a green 
solvent (Bangalore Ashok et al., 2022; Pace et al. 2012). Moreover, to 
maximize the performance of the heat pump in the integrated process, a 
key consideration in the design of the separation process is the tem
perature at which energy is supplied, which should ideally be as low as 
possible. We chose this separation scheme, a detailed description of 
which is provided in the Supplementary information, because of the low 
process temperature, use of a green solvent, and removal of the bulk of 
the water from the electrolyzer outlet stream through the extractor. As a 
thermodynamic model, NRTL-HOC is used, despite most previous works 
on this system using UNIQUAC–HOC, as it has been shown that the 
former has better performance for this system (Ramdin et al. 2019), and 
the binary interaction parameters for the three binary pairs (formic acid, 
water, 2-MTHF) reported in their work are used for the simulation.

Alongside the liquid separation, the downstream includes the re
covery of unreacted carbon dioxide from the cathodic stream, as well as 
the separation of the hydrogen and carbon monoxide generated as 
byproducts. This is done via high pressure multi-stage condensation of 
the carbon dioxide, achieved with several compressor stages with 
intercooling.

2.3. Heat pump

Several heat pump technologies can be integrated into chemical 
processes (Kiss and Infante Ferreira 2016), and, specifically, 
mechanically-driven heat pumps can increase the penetration of 
(renewable) electricity in chemical processes. Consequently, vapor 
compression heat pumps (VCHP), using pure fluids, have been selected 
as the technology of choice (Van De Bor et al. 2014). The heat pump is 
schematically represented in Fig. 3, which shows how the heat pump 
upgrades the waste heat at low temperature Qw to a heat stream at high 
temperature Qup (Walden et al. 2023), which is approximately equal to 
the sum of the waste heat and the power input to the heat pump 
compressor Pcomp (Eq. (8)). The heat pump performance improves as the 
compressor power required to upgrade the waste heat to the desired 
temperature level decreases, and this is measured by the Coefficient of 
Performance (COP), defined in Eq. (9). This key performance indicator is 
used, together with the Volumetric Heating Capacity (VHC), expressed 
by Eq. (10) (Frate et al. 2019) to guide the techno-economic screening of 
the heat pump. 

Qup ≅ Qw + Pcomp (8) 

COP =
Qup

Pcomp
(9) 

VHC =
Qup

Vcomp,in
(10) 

Several working fluids were screened and evaluated based on the 
thermodynamic and environmental performance (data reported in the 
Supplementary Information (Frate et al. 2019; Wu et al. 2020; Arpagaus 
et al. 2018)). The simulation tunes the pressures after the expansion and 
the compressor to match the required temperature levels for heat ex
change in the evaporator (electrolyzer cooler) and in the condenser 
(column reboiler), as well as the working fluid flow rate, to ensure that 
the heat exchanged matches the requirements for the electrolyzer 
cooling. The temperature approach has been set to 5 K. The electrolyzer 
is assumed to be operating at 50 ◦C, with a return temperature of 10 K 
lower: to study the effects of the electrolyzer temperature on the system, 
we have evaluated the heat pump performance for electrolyzer tem
peratures up to 70 ◦C. The compressor was modelled as isentropic with 
isentropic and mechanical efficiencies of 85 and 98 %, respectively. The 
heat pump has been modelled in Aspen Plus®, employing the REFPROP 
thermodynamic package, which implements fundamental equations of 
state for specific refrigerants (Lemmon et al. 2018). REFPROP utilizes 

the most accurate models for pure fluids and mixtures, as detailed in 
Huber et al. (2022) and Aspen Technology, Inc. (2013).

2.4. Economic and emissions assessment

A techno-economic assessment for the process was developed to 
establish its economic feasibility. The heat pump is not an integral part 
of the formic acid manufacturing process, and, therefore, it was treated 
as an add-on module compared to the case without heat integration, 
used as a benchmark to evaluate the possible advantages of the heat 
pump. This second case uses external thermal energy inputs, based on 
medium pressure steam. The levelized cost of production of formic acid 
LCFA, defined in Eq. (11), was taken as the main economic performance 
metric for the process. The levelized cost is evaluated based on an eco
nomic allocation of the cost to the products, considering the percentage 
of revenues attributable to the product. The payback period (Eq. (12)) 
was used to evaluate the economic advantages of the heat pump under 
different cost scenarios for electricity and fuel. 

LCFA =
Annualized CAPEX + OPEX

Production
⋅Percentage of revenues from FA

(11) 

Payback period =
CAPEXHP

Net cash flow
(12) 

To determine the Operating Expenditure (OPEX), we considered the 
raw material consumption and the utilities demands, with the carbon 
dioxide price based on point source capture (Bains et al. 2017). The 
capital expenditure (CAPEX) was estimated using the methods of Sinnott 
and Towler (2020), except for the electrolyzer stacks, with costs eval
uated based on the total area of the units. The CAPEX was annualized 
over the 20-year plant lifetime, assuming a 10 % interest rate. The 
compressor is typically the most expensive unit in the heat pump 
(Vannoni et al. 2023); however, there is a lack of consistency in the 
costing estimation for compressors (Luyben 2018). Therefore, we have 
considered different CAPEX calculation methods for the compressor, 
with the results reported in the Supplementary Information. This also 
includes the values of the inputs needed for the economic estimation, 
which were varied by ±30 % to perform a sensitivity analysis.

Product sales, necessary for the economic allocation of the costs to 
the product, include formic acid (85 wt %) and by-product syngas, 
comprising primarily hydrogen. As the syngas composition depends on 
the design, its price is based on the heating value and the composition 
obtained (Alerte et al. 2023). Oxygen, albeit of potential interest as a 

Fig. 3. Process scheme for a vapor compression heat pump. The subscript rf 
refers to the working fluid, while elec and reb refer to the process side streams in 
the electrolyzer cooler and the column reboilers, respectively. The temperature 
values are discussed in the Results section.
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by-product, is not considered as such, since it is typically vented in 
electrolysis processes (Kato et al. 2005; Eckl et al. 2025).

We have estimated the scope 1 and 2 carbon dioxide emissions per 
unit product eCO2 (Bauer et al. 2023), which derive from energy supplied 
to the process and its origin. This metric is calculated using Eq. (13), 
where Qth and Qel are the total process demands (in kWh/y) for thermal 
and electrical energy, respectively, CIth and CIel are the carbon in
tensities (in gCO2eq/kWh) of thermal and electrical energy, respectively, 
and finally PProd is the total production of formic acid (in kg/y). The 
carbon dioxide emission value supports and provides context for the 
decisions on design and the benefits of upgrading the waste heat by 
means of the heat pumps. The energy supplies considered are electricity 
from a grey grid (251 gCO2eq/kWh, based on EU-27 average (European 
Environment Agency, 2025)), from offshore wind (19 gCO2eq/kWh (U.S. 
Department of Energy 2015)), and thermal energy provided by medium 
pressure steam (259.2 gCO2eq/kWh (Pérez-Fortes et al. 2016)). The 
process does not have direct carbon dioxide emissions, since the 
unreacted feed is either recycled or sold as part of the syngas by-product. 

eCO2 =
Qth CIth + Qel CIel

PProd
(13) 

Scope 3 emissions, including the impact of upstream production of 
raw materials (refrigerant, solvent) and supply chain effects (carbon 
dioxide capture and transport), as well as the calculation of other met
rics typical of a Life Cycle Assessment, are beyond the scope of the 
current conceptual design. The results of the emissions have been 
compared with those obtained from the conventional production of 
formic acid via the methyl formate route, obtained from SimaPro using 
the Ecoinvent 3.8 (2021) (Wernet et al. 2016) system database at the 
point of substitution and the ReCiPe 2016 method (with Midpoint (H) 
level characterization factors) (Huijbregts et al. 2017).

2.5. Optimization

The integrated process involves multiple trade-offs, the most signif
icant one being the relationship between cell voltage and global system 
efficiency, measured both in terms of cost and emissions. In fact, 
lowering the cell voltage improves cell efficiency, but results in less 
waste heat available, thus increasing the need for external thermal en
ergy inputs for the separation. As a consequence, the process would 
produce higher carbon dioxide emissions, especially if compared to the 
case with a larger heat pump powered by renewable electricity. 
Conversely, lower waste heat generation can reduce the size, and thus 
the cost, of both the heat pump compressor and the heat exchangers due 
to the use of utilities with higher temperature driving forces.

To formally address this trade-off, we set up a multi-objective opti
mization to find the optimal plant operating conditions that minimize 
both the total annualized cost and the carbon dioxide emissions. In this 
study, we considered a single decision variable, the cell voltage, varied 
in the validated range of 2.3–4 V. This modeling choice reflects our focus 
on analyzing heat integration in the process, while leaving the inclusion 
of additional decision variables to future work on broader process 
optimization. A constraint on the total production of formic acid was 
imposed. The objective functions for total cost (Eq. (14)) and CO2 
emissions (Eq. (15)) are defined below, where the subscripts elec, HP, 
and ext refer to the electrolyzer, the heat pump, and the external cool
ing/heating system, respectively, while comp and HEX refer to the 
compressor and to heat exchangers, respectively. We built the objective 
function to include the cost factors affected by the decision variable. 
Note that the downstream separation and CO2 recovery remain un
changed by the optimization, thus we omitted them from the calculation 
(Eq. (14)). 

obj1 =
CAPEXelec

lifetimeelec
+

CAPEXHP,comp + CAPEXHP,HEX + CAPEXext,HEX

lifetimeplant

+ OPEXelec + OPEXHP + OPEXext (14) 

obj2 =

(
Qel,elec + Qel,HP

)
⋅CIel + Qth,ext⋅CIth

PProd
(15) 

To investigate the effect of varying operating conditions, we ran the 
optimization with different electricity prices (0.05–0.1 $/kWh) and 
sources (renewable or grid).

The multi-objective optimization was performed by applying the 
ε-constraint method (Mavrotas 2009), implementing the model in Py
thon (version 3.11.4), using the Sequential Least Squares Programming 
(SLSQP) optimization method (Kraft 1988). Further details on the 
implementation, including a flow chart for the solution procedure, can 
be found in the Supplementary Information.

3. Results and discussion

In this section, we present and discuss the results for the electrolyzer 
design, followed by the heat pump sizing, including the working fluid 
selection and the impact of the electrolyzer temperature on its perfor
mance. Subsequently, we describe the full, energy-integrated process 
and its techno-economic and environmental performance, bench
marking it to the case without the heat pump and comparing it to results 
from the literature. Finally, the insights from the optimization are 
evaluated under different scenarios of electricity price and source.

3.1. Electrolyzer design and energy balance

The choice of the operating conditions for the electrolyzer is based on 
the trade-off between OPEX and CAPEX displayed in Fig. 4a, which 
shows a behaviour consistent with that observed in similar systems for 
carbon dioxide electrolysis (Masel et al. 2021; Berkelaar et al. 2022). For 
the base case values of 0.05 $/kWhel and 1500 $/m2 for electricity price 
and electrolyzer cost, respectively, the value of the cell voltage which 
minimizes the total cost falls at ~3.3 V, corresponding to a current 
density of ~114 mA/cm2. The underlying phenomena explaining the 
trends shown in the figure are connected to the linear dependence of the 
OPEX on the cell voltage, which, for a given capacity, determines the 
total power input, and thus the total electricity demand (see Fig. 4b and 
Eq. (5)). For the CAPEX, on the other hand, the polarization curve shows 
an increase in the current density with the cell voltage (see Supplemen
tary Information), as the overpotential applied raises – this means that for 
higher values of the voltage, smaller units are required for a given 
production capacity. The figure shows a dominating effect of the OPEX 
at higher voltages, but overall, the curve for the TAC is relatively flat 
above 3 V, providing flexibility and robustness to the electrolyzer 
design.

It should be remarked that the assumption of 1500 $/m2 for the 
capital cost of the stacks is optimistic; however, for the design point 
considered (3.3 V, 114 mA/cm2), this corresponds to 400 $/kW, which 
is consistent with cost projections for hydrogen electrolysis (IEA 2022). 
Higher capital costs for the electrolyzer would shift the optimum voltage 
to higher values, to reduce the size of the unit by driving up the current 
density: this would lead to even higher waste heat, thus strengthening 
the case for the heat pump solution.

The choice of the cell voltage determines also the amount of waste 
heat available for upgrading via the heat pump, according to Eq. (7). 
This effect is shown in Fig. 4b, which reports on the left y-axis both the 
total power input to the electrolyzers and the available waste heat as a 
function of the cell voltage, while the right y-axis shows the electrolysis 
cell energy efficiency. The latter is inversely proportional to the cell 
voltage (see Eq. (6)), demonstrating a loss of efficiency with higher 
voltages. These results highlight how the design of the electrolyzer has 
cascade effects on the performance of the rest of the process, as the 
electrolyzer efficiency could be improved, but this would increase the 
demand for external energy inputs for the downstream separation in the 
integrated system. With these conditions, the electrolyzers need to be 
supplied with a total electric power of ~31 MWel and generate ~18 
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MWth of waste heat available at 50 ◦C, while operating at an energy 
efficiency of 42 %, as summarized in Table 1.

The total area for the electrolyzer amounts to 8240 m2, which is five 
orders of magnitude larger than that of the largest currently operating 
CO2 electrolyzers (e.g., a 10-cell stack with 800 cm2 cells (Edwards et al. 
2023), or to 1000 cm2 plus 500 cm2 tandem electrolyzer by Crandall, 
et al. (2024)). However, the technology is still in the early develop
mental stages, with only a few examples of pilot-scale plants (Belsa et al. 
2024) and yet no industrial applications. Viewed in the light of indus
trial water electrolyzers, this area appears to be reasonable, as it is 
comparable with large installations for hydrogen production (e.g., 37, 
500 m2 reported by Smith et al. (2019)). In the future, with available 
data and/or additional validated mechanistic models at the relevant 

temperatures and scales, the model would benefit from the inclusion of 
their effects on kinetics, resistances, and overall cell performance. While 
this step would strengthen the generalizability of the results, the core 
insights into thermal integration remain valid within the current 
modelling framework

3.2. Heat pump performance and energy integration

The performance of the heat pump is strongly influenced by the 
required temperature lift. In this work, the working fluid enters the 
evaporator at 35 ◦C, enabling the cooling of the anolyte (entering at 50 
◦C and exiting at 40 ◦C). The system is designed so that the working fluid 
reaches 120 ◦C at the condenser inlet, which is sufficient to supply the 
distillation column reboiler at 112 ◦C, as detailed in the following sec
tion. Although the required temperature lift of 67 ◦C is high (calculated 
based on the logarithmic mean temperatures of heat source and sink 
(Pieper et al. 2020)), it remains within current technology limits 
(Schlosser et al. 2020).

After screening different working fluids, we have identified HCFO- 
1233zd and ammonia as suitable candidates, due to their 

Fig. 4. Electrolyzer design. a) Trade-off between OPEX and CAPEX for the 
electrolyzer as a function of the cell voltage (electrolyzer lifetime: 5 years; 
electricity price: 0.05 $/kWhel; electrolyzer cost: 1500 $/m2); b) System trade- 
off showing the total power input to, and the waste heat developed by, the 
electrolyzers, as a function of the cell voltage. The cell efficiency vs. the voltage 
is also provided, under the same conditions.

Table 1 
Electrolyzer design variables and energy balance results.

Variable Value Unit of measure

Cell voltage 3.30 V
Current density 114 mA/cm2

Formic acid Faradaic efficiency 66 %
Hydrogen Faradaic efficiency 31 %
Carbon monoxide Faradaic efficiency 3 %
Total power input 30.9 MWel

Waste heat 17.9 MWth

Energy efficiency 42 %
Total area needed 8240 m2

Fig. 5. Effect of the electrolyser operating temperature on heat pump perfor
mance. a) COP, b) VHC of the vapor compression heat pump, with two working 
fluids (HCFO-1233zd(E) and ammonia).
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performance, appropriate critical temperature, and low global warming 
potential and ozone depletion potential (Arpagaus et al. 2018). The 
extended results of this screening, together with the details of the cycle 
operating conditions, are reported in the Supplementary Information. 
Based on the conditions, the heat pump can reach a COP of ~2.5–2.7, 
consistent with results for similar conditions reported in the literature 
(Van De Bor et al. 2015) and corresponding to a Lorenz efficiency of 
44–47 %. The heat pump employs compressors requiring ~10.5–11.6 
MWel and delivers ~28–29 MWth of upgraded heat at the target tem
perature: these values, albeit large, are aligned with high-temperature 
heat pumps technologies currently under industrial development 
(Zühlsdorf 2024). From the heat integration perspective, the two fluids 
lead to substantially similar results. However, the two differ signifi
cantly in the pressure levels required and have different flow rate re
quirements, with ammonia being much more efficient, having a VHC of 
2.8 kWh/m3, against only 0.32 kWh/m3 for HCFO-1233zd.

Since the electrolyzer operating temperature is still subject to 

research, and possibly higher temperatures will be investigated as the 
technology progresses, the efficiency of the heat pump for the two 
working fluids selected is reported as a function of the electrolyzer 
working temperature in Fig. 5. Both the COP and the VHC increase with 
the temperature of the electrolyzer as the temperature lift is decreased: 
the COP increases by 32 and 43 % when operating at 70 ◦C instead of at 
50 ◦C, for ammonia and HCFO-1233zd, respectively, while the VHC 
shows an even more marked increased, of 53 % and 88 % for the two 
fluids. These improvements translate into smaller, and thus less expen
sive, compressors (~7 MWel), but at the compromise of reduced 
upgraded heat (see Eq. (10)). The consequences of these changes on the 
heat pump economics are presented in the Supplementary Information.

3.3. Full process

Fig. 6 shows the overall process flow diagram for the system. The 
reboiler heat duties for the azeotropic distillation and the vacuum 

Fig. 6. Process Flow Diagram for the process. The main product path is highlighted in green, while red and blue represent hot and cold streams in the heat-integrated 
plant. The closed-circuit heat pump (HP) system is shown as a dashed line to distinguish it from the rest of the process.
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distillation (Distillation columns 1 and 2, respectively, in Fig. 6) are 25 
MWth and 9 MWth, respectively, while the stripper requires 3 MWth. The 
reboilers operate at 112, 92, and 85 ◦C, respectively. Table 2 reports the 
main results of the mass and energy balances, including calculated Key 
Performance Indicators. The syngas obtained is a mixture of 65 mol % 
H2, 31 mol % unconverted CO2, and 4 mol % CO, which is compressed at 
40 bar. This stream has a high carbon content (stoichiometric number of 
~1, based on the definition provided in Kiss et al. (2016)), meaning that 
for utilization it would require enrichment with extra hydrogen: this has 
been accounted for in the price of the syngas considered for the eco
nomic analysis.

The overall system requires energy inputs of both electric and ther
mal nature. Since the former can be readily supplied by renewable 
means, while the latter is mostly derived from fossil fuels, it is of interest 
to look at both the overall energy demand of the process and then to 
compare the separate contributions of the electric and the thermal en
ergy. Fig. 7 summarizes the main energy flows among the three sections 
of the system: the upgraded heat covers 76 % of the thermal energy 
requirements of the downstream, leaving only 24 % to be supplied by 
external heat. The heat pump thus accomplishes the dual goal of 
providing cooling to the electrolyzer system and delivering high tem
perature heat to the separation. Overall, electricity constitutes ~84 % of 
the energy inputs to the process. The analogous figure for the case 
without the heat pump is reported in the Supplementary Information, 

showing that electricity is 49 % of the total energy supply, with the 
remaining half being thermal energy.

The operation at lower cell efficiencies determines the availability of 
a sufficient amount of waste heat to cover the vast majority of the 
downstream duties, after upgrading with the heat pump. Thus, the en
ergy integration system proposed unlocks efficient overall process per
formance even with the sacrifice of a locally optimal operation for the 
electrolyzer. In the base case (no heat pump), the thermal energy input is 
higher and the electrical energy input is lower, while in the heat pump 
case the energy inputs are reversed.

It should be noted that the proposed heat integration, considering the 
tight temperature approach margins, would pose control challenges at 
the industrial level, and the effects of cell efficiency decreases due to 
performance degradation (Van Der Roest et al. 2023) and of possible 
dynamic operation of the electrolyzers to follow a variable electricity 
input are still unexplored in this context. Other heat pump technologies, 
such as compression-resorption heat pumps (Van De Bor et al. 2014), 
could be explored as alternatives to the single-fluid vapor compression 
heat pumps.

3.4. Economic and environmental assessment

The economics of the process are evaluated in two different sce
narios, with and without the heat pump. Fig. 8a and Fig. 8b shows the 
results of the economic evaluation in terms of annualized CAPEX and 
OPEX. The heat pump has a significant impact on the CAPEX, as it ac
counts for an increase of the total installed cost of 22 % compared to the 
case without it. The electrolyzer stacks are the most expensive units in 
the process, and, with a lifetime of 5 years implying four unit in
stallations during the plant lifetime, they account for 46 % of the CAPEX 
in the scenario with the heat pump, and 56 % in the one without. The 
electrolyzer also represents the dominant contribution to the OPEX, 
accounting for >50 % of the operating expenses in either case. The lower 
OPEX associated with the heat pump scenario highlights the multiplying 
effect of the COP, by which the reduction in primary energy demand 
leads to lower total utilities costs, despite the higher cost of electricity 
compared to thermal energy.

Fig. 8c shows the results of the sensitivity analysis on the levelized 
production cost of formic acid, based on ±30 % variations in the inputs. 
The biggest drivers in the economic performance of the process are the 
electricity cost, which shifts the production cost by ±11 %, and the 
electrolyzer lifetime, which can increase the total CAPEX by 11 % when 
its reduced from 5 to 3 years (thus requiring 7 installations over the 
plant lifetime), while an increase in the lifetime to 7 years only reduces 

Table 2 
Main results of mass and energy balance, including key performance indicators.

Variable Value Units Notes

Mass balance results
Inlets ​ ​ ​
CO2 57 kt/y N/A
Deionised water 36 kt/y N/A
Solvent make-up 0.02 kt/y N/A
Outlets ​ ​ ​
Formic acid (85 wt %) 59 kt/y N/A
Syngas (64 % H2, 31 % CO2, 4 % CO) 7.6 kt/y N/A
Oxygen 26.7 kt/y N/A
Energy balance results
Distillation column 1 duty 25.5 MWth At 112 

◦C
Distillation column 2 duty 8.1 MWth At 92 ◦C
Stripper duty 3.8 MWth At 85 ◦C
CO2 separation compression power (Comp. 1 to 

Comp. 4)
3.95 MWel N/A

CO2 separation cooling requirements 0.6 MW N/A
CO2 separation refrigeration 4.5 MW N/A

Fig. 7. Sankey diagram displaying the energy flows (in MW) in the system. Electric energy is shown as green, while thermal energy is represented in orange.
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the CAPEX by 4 %, results which are consistent with the literature 
(Spurgeon and Kumar 2018). Notably, the electrolyzer cost has a sig
nificant, but moderate effect (4 %); however, radical differences in 
electrolyzer cost (e.g., due to the persistent use of rare elements like 
iridium) would have more significant impacts on the plant economics.

The heat pump is not an integral part of the process; thus, it could be 
regarded as an additional investment for which we can evaluate the 
payback period. The results are displayed in Fig. 8d for different sce
narios of electricity and fuel prices, with the base case represented with 
solid lines (electrolyzer operating temperature 50 ◦C). The figure shows 
that the investment is paid back in less than ~11 years in the base case 
(0.05 $/kWhel, 0.03 $/kWhth), and is more advantageous in the cases in 
which electricity has a very low cost (0.025 $/kWhel) or fuel is more 
expensive (0.045 $/kWhth). However, higher electricity prices, 

corresponding to current values (0.08 $/kWhel (U.S. Energy Information 
Administration, 2025)), make this design economically unattractive. 
Furthermore, it can be observed that the system is sensitive to increases 
in the fuel prices, given that the payback period for scenario 4 (elec
tricity price of 0.05 $/kWhel and fuel price of 0.045 $/kWhth) is less than 
half (5 years) of that for scenario 1 (same electricity price, 0.03 $/kWhth 
for fuel). The figure also shows the results for the case of higher oper
ating temperature (70 ◦C), reported as dashed lines. Requiring a smaller 
compressor due to the higher COP, the total investment is reduced by 
~15 % (reflected in the less negative value at time zero) and leading to a 
payback period 30 % shorter in the base case price scenario, and 12–17 
% shorter for price scenarios 3 and 4. The more efficient heat pump has a 
shorter payback period than the plant lifetime (17 compared to 20 
years), even in the high electricity cost scenario 2.

Fig. 8. Economic assessments of the scenarios with and without the heat pump. Panels a) and b) show the total CAPEX and OPEX for the plant for the scenarios with 
and without the heat pump. The CAPEX is the total over the lifetime of the plant, thus including multiple electrolyzer replacements. Panel c) reports the results of the 
sensitivity analysis on the levelized production cost for the heat pump scenario, with respect to the most important parameters (superscript a for the electrolyzer 
lifetime indicates changes different from ±30 %). Panel d) represents the cumulative net cash flow for the investment in the heat pump, showing different scenarios 
based on the electricity (E.) and fuel (F.) price (reported in $/kWhel and $/kWhth, respectively); solid lines are for electrolyzer operating at 50 ◦C, while dashed lines 
are for operation at 70 ◦C. Panel e) compares the levelized production cost obtained in this work with results found in the literature for other productions of formic 
acid (electrochemical, thermochemical, and conventional).
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Fig. 8e presents a comparison of the results of several techno- 
economic assessments for formic acid production from carbon dioxide, 
including the conventional production as a benchmark and reporting the 
selling price of the product (assumed to vary in a ± 30 % range). The 
error bars reported account for the variables reported in the sensitivity 
analysis being all at their most or least favorable values. This shows how 
the process developed, together with the techno-economic assumptions 
made based on literature cost projections, would be profitable only with 
a high product selling price and cannot yet compete with conventional 
productions or with the state-of-the-art thermochemical process, 
demonstrated at the pilot scale (Kim et al. 2024). However, the marked 
electrification of our design could prove advantageous in future sce
narios with declining electricity prices (Mills et al. 2021) and/or pen
alties being imposed on carbon emissions (Mengesha and Roy 2025).

The energy demand per unit product can be seen in Fig. 9a, where the 
electrical and thermal contributions are separated, with the former 
represented by a lighter shade and the latter by a darker one. The dif
ference in total energy demand can be attributed to the multiplying 
effect of the coefficient of performance of the heat pump. As 

demonstrated by Fig. 7 and its counterpart in the Supplementary Infor
mation for the scenario without the heat pump, a higher total primary 
energy input is required when providing heat through an external source 
(e.g. steam boiler): on top of the economic benefits discussed, the pro
cess configuration including the heat pump is beneficial from the 
perspective of primary energy demand, considered a limited resource. 
The thermal energy demand is comparable, even in the case without the 
heat pump, to that of the thermochemical processes, for which, it should 
be noted, electrolytic hydrogen production is considered outside battery 
limits (except for (Pérez-Fortes et al. 2016), hence the higher electricity 
demand).

Fig. 9b reports the emissions per unit product allocated to the 
different sections of the process, adding to the analyses the cases in 
which the electricity is sourced from renewables (based on offshore 
wind (U.S. Department of Energy 2015)) and from a grey grid (average 
EU (European Environment Agency, 2025)). The application of renew
ables to the process leads to a significant reduction in emissions 
compared to the conventional, fossil-based production, even without the 
heat pump. However, due to the large electricity demand of the elec
trolyzer, powering it with grey electricity would result in significant 
emissions, comparable to those of the conventional production. In the 
case of renewables usage, the heat pump contributes to a reduction of 
CO2 emissions by 84 %, while the carbon footprint advantages of using 

Fig. 9. Energy demand and carbon dioxide emissions per unit product, with 
and without heat pump (HP and no HP, respectively). Panel a) differentiates 
between electricity (lighter shade) and thermal energy (darker shade) inputs. 
Panel b) includes scenarios with different electricity sources (grid, renewables) 
and the emissions of the conventional (Conv., fossil-based) production of for
mic acid.

Fig. 10. Results of the optimization. a) Pareto front for the multi-objective 
optimization (total cost vs. CO2 emissions per unit product), with renewable 
(19 gCO2/kWh), high-cost electricity (0.1 $/kWhel). b) Ranges for the objective 
functions and the decision variable for the 4 scenarios. Note that the total cost 
excludes the downstream separation and CO2 recovery.
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the heat pump when the compressor exploits grey electricity are reduced 
to only 29 %. Comparing the scenarios with and without the heat pump, 
the heat pump leads to a relative reduction of 25–69 % of the scope 2 
emission, with grid and renewables, respectively.

3.5. Optimization

The optimization for the total cost (for electrolyzer and heat pump) 
and carbon dioxide emissions is run in different scenarios, depending on 
the price and source of electricity (fully renewable or grid). The results 
are displayed in Fig. 10a, which shows the Pareto front for the case of 
high cost renewable electricity (0.1 $/kWh, 19 gCO2/kWh), together 
with the value of the cell voltage with yields the optimal conditions. For 
this case, the points with lower cost display relatively small variations 
(~7 %), showing a flatter profile, while the emissions show a larger 
change (from 0.14 to 0.59 kgCO2/kg product). The trade-off between 
these two variables appears clearly as high voltages (~3.5 V) lead to 
lower emissions but overall higher costs, when a large heat pump is used 
to cover the full separation energy demand, while lower voltages 
(2.7–2.8 V) minimize the costs but compromise the emission reduction 
in the process. Given the modest increase in total cost brought by 
operating at higher voltages, compared to the greater environmental 
benefit, the operation at 3.5 V should be preferred. It should be noted 
that the figure reports total costs as a combination of annualized CAPEX 
and OPEX for the system composed of electrolyzer, heat pump, and heat 
exchangers involved in the energy-integrated system.

Fig. 10b compares the results for the objective functions and the 
decision variables for the four scenarios considered. The figure em
phasizes the different ranges that the input and outputs show in the 
different scenarios, highlighting that with low-cost electricity, the so
lution is trivial regardless of the electricity source, and always operates 
at high voltage (~3.5 V). This operation minimizes the cost, while the 
emissions do not play a big role in pushing for different results, as they 
are either low (with renewables) or high (with grid). With high-cost grid 
electricity, the emissions are always high, thus the minimum voltage is 
preferred as it reduces the cost. We demonstrate that our methodology 
can be successfully applied to decide the value of the cell voltage for 
process optimization. This can be further extended by including other 
decision variables depending on the design needs. Examples of possible 
decision variables are: input flow rates to the electrolyzer; electrolyzer 
operating temperature, conditional on the availability of experimental 
data; heat pump pressure levels and approach temperatures.

4. Conclusions

This work addressed two issues presented by low temperature carbon 
dioxide electrolysis processes to liquid products, namely waste heat 
management and separation of diluted product streams. Alongside this, 
we have filled a gap with respect to the lack of studies developing 
process-level understanding of the trade-offs present in these systems.

Coupling the electrolyzer waste heat with the downstream energy 
demand via a mechanically-driven heat pump, we have demonstrated an 
effective way to reduce external energy inputs, furthering the penetra
tion of electricity in the process, up to 76 % of the total energy inputs. 
This leads to carbon dioxide emissions reduced by 84 % (with renew
ables) or by 29 % (with grid electricity) with respect to the conventional 
production, showing that lower emissions are achievable even consid
ering the diluted nature of the electrolyzer outlet. Additionally, the 
economic performance of the heat pump would justify the increased 
capital investment, with an investment recouped in 11 years for the base 
case, but in 5–6 years in the case of cheaper electricity or more expensive 
fuel.

Furthermore, our analysis of the heat pump performance with 
respect to the electrolyzer operating temperature shows that a 20 ◦C 
increase in this variable (from 50 to 70 ◦C) can lead to significant im
provements in the COP (from 2.5–2.7 to 3.5–3.6) and VHC (0.3 to 0.6 

kWh/m3 for HCFO-1233zd(E), and 2.8 to 4.3 kWh/m3 for ammonia), 
improvements which make the business case for the heat pump more 
compelling, while simultaneously reducing emissions further.

The optimization of the process provides insights into the trade-offs 
for the energy integrated plant, showing how, under different circum
stances of power supply, the optimal operating conditions can be found 
by either pushing the cell voltage to get enough waste heat to cover all 
the downstream demand (3.5 V), or either at lower voltages to reduce 
total cost. With more detailed electrolyzer models and with increasing 
emphasis on the operating temperature of the electrolyzer, it will be 
possible to extend the process optimization to account for multiple de
cision variables and let it encompass the operating temperature itself, to 
guide experimental efforts as well as techno-economic ones. At the same 
time, other heat pump technologies can be researched, e.g., 
compression-resorption heat pumps, which could have higher co
efficients of performance, while including the cycle operating conditions 
(pressures, approach temperatures) among the decision variables. This 
will lead to globally more efficient processes, even if this comes at a 
compromise of the locally optimal energetic performance of the 
electrolyzer.

Our work highlights the importance of system-wide process inte
gration and analysis to unlock more sustainable process designs for 
electrochemical reduction of carbon dioxide, with implications for both 
the research and the industrial communities.
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Pérez-Fortes, Mar, Schöneberger, Jan C., Boulamanti, Aikaterini, Harrison, Gillian, 
Tzimas, Evangelos, 2016. Formic acid synthesis using CO2 as raw material: techno- 
economic and environmental evaluation and market potential. Int. J. Hydrogen 
Energy. 41 (37), 16444–16462. https://doi.org/10.1016/j.ijhydene.2016.05.199.

R. Dal Mas et al.                                                                                                                                                                                                                                Computers and Chemical Engineering 204 (2026) 109330 

12 

https://doi.org/10.1021/acsenergylett.3c00973
https://doi.org/10.1021/acsenergylett.3c00973
https://doi.org/10.1016/j.coche.2022.100881
https://doi.org/10.1016/j.coche.2022.100881
https://doi.org/10.1021/acsenergylett.4c00955
https://doi.org/10.1016/j.cherd.2022.03.034
https://doi.org/10.1016/j.cherd.2022.03.034
https://doi.org/10.1002/admt.202300281
https://doi.org/10.1039/D0EE03011B
https://doi.org/10.1016/j.cesx.2019.100021
https://doi.org/10.1021/acs.energyfuels.2c03616
http://refhub.elsevier.com/S0098-1354(25)00332-1/sbref0001
http://refhub.elsevier.com/S0098-1354(25)00332-1/sbref0001
http://refhub.elsevier.com/S0098-1354(25)00332-1/sbref0001
https://doi.org/10.1021/acs.iecr.8b00883
https://doi.org/10.1126/science.aav3506
https://dioxidematerials.com/technology/formic-acid/
https://doi.org/10.1016/j.apenergy.2024.124817
https://doi.org/10.1021/acsenergylett.3c00620
https://www.eea.europa.eu/en/analysis/indicators/greenhouse-gas-emission-intensity-of-1?activeAccordion=
https://www.eea.europa.eu/en/analysis/indicators/greenhouse-gas-emission-intensity-of-1?activeAccordion=
https://www.eea.europa.eu/en/analysis/indicators/greenhouse-gas-emission-intensity-of-1?activeAccordion=
https://doi.org/10.1021/acsenergylett.3c00489
https://doi.org/10.1021/acsenergylett.3c00489
https://doi.org/10.1016/j.applthermaleng.2019.01.034
https://doi.org/10.1016/j.joule.2019.07.021
https://doi.org/10.1016/j.joule.2019.07.021
https://doi.org/10.1016/j.apenergy.2025.126367
https://doi.org/10.1016/j.apenergy.2025.126367
https://doi.org/10.1016/j.compchemeng.2022.108075
https://doi.org/10.1016/j.compchemeng.2022.108075
https://doi.org/10.1016/j.coelec.2023.101248
https://doi.org/10.1016/j.coelec.2023.101248
http://refhub.elsevier.com/S0098-1354(25)00332-1/sbref0031
http://refhub.elsevier.com/S0098-1354(25)00332-1/sbref0031
http://refhub.elsevier.com/S0098-1354(25)00332-1/sbref0031
https://doi.org/10.1002/14356007.a12_013.pub3
https://doi.org/10.1038/s41467-023-43409-6
https://doi.org/10.1038/s41467-023-43409-6
https://doi.org/10.1021/acs.iecr.2c01427
https://doi.org/10.1021/acs.iecr.2c01427
https://doi.org/10.1007/s11367-016-1246-y
https://doi.org/10.1007/s11367-016-1246-y
https://doi.org/10.1039/D4EY00190G
https://www.iea.org/reports/renewables-2024
https://doi.org/10.1016/j.rser.2022.112106
https://doi.org/10.1016/j.cherd.2024.09.001
https://doi.org/10.1016/j.energy.2004.07.004
https://doi.org/10.1002/adma.201807166
https://doi.org/10.1002/adma.201807166
https://doi.org/10.1039/D0GC02831B
https://doi.org/10.1016/j.joule.2024.01.003
https://doi.org/10.1016/j.joule.2024.01.003
https://doi.org/10.1201/9781315371030
https://doi.org/10.1016/j.energy.2020.117788
https://doi.org/10.1016/j.energy.2020.117788
https://doi.org/10.1016/j.cej.2015.08.101
https://doi.org/10.1002/anie.201803501
https://doi.org/10.18434/T4/1502528
https://doi.org/10.18434/T4/1502528
https://doi.org/10.1016/j.cep.2018.01.020
https://doi.org/10.1016/j.cep.2018.01.020
https://doi.org/10.1088/1748-9326/abbd02
https://doi.org/10.1088/1748-9326/abbd02
https://doi.org/10.1007/s11696-020-01329-5
https://doi.org/10.1016/j.joule.2022.12.008
https://doi.org/10.1039/C5GC01893E
https://doi.org/10.1039/C5GC01893E
https://doi.org/10.1038/s41565-020-00823-x
https://doi.org/10.1016/j.amc.2009.03.037
https://doi.org/10.1038/s41467-025-56540-3
https://doi.org/10.1016/j.apenergy.2020.116266
https://doi.org/10.1021/acs.chemrev.3c00206
https://doi.org/10.1021/acs.chemrev.3c00206
https://doi.org/10.1002/ente.201900994
https://doi.org/10.1002/ente.201900994
https://doi.org/10.1016/j.ijhydene.2016.05.199


Pace, Vittorio, Hoyos, Pilar, Castoldi, Laura, DomínguezdeMaría, Pablo, 
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