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ABSTRACT

Carbon capture and utilization can mitigate the problems caused by CO, emissions, at the same time
that valuable products are obtained from the conversion of CO,. By reduction of CO, in hydrothermal
conditions (T = 275°C, P = 200 bar), high yields of conversion of CO, to formate of up to 70% can be
achieved in reaction times of 1 h. This technology can be implemented as a continuous process in
large CO, production sites, and for this purpose the energy optimization of the process is essential to
make it technically and economically feasible. Therefore, the objective of this work is to evaluate the
thermodynamic efficiency and the cost of the different units involved in the hydrothermal conversion
of CO, into formate. Exergy balances were applied to the main units of a continuous plant for the
hydrothermal reduction of CO, into formate. The exergy efficiency, exergy improvement potential
rate, the exergoeconomic costs and the sustainability index were calculated along with the exergy
destruction rate in the main process units. The specific exergy destroyed per kg of formate produced
was calculated as 6260 k]/kg. The results showed that the major exergy destruction rate took place in
the reactor, representing the 69% of the total exergy destruction in the plant. Although this destruction
rate increased with the conversion in the reactor, in terms of the overall efficiency and exergetic cost
of the process, a high conversion above 70% is advisable. The exergetic efficiency of each unit was also
evaluated along with the exergetic improvement potential rate. The lowest efficiency was identified
in the pump with a value of 0.44. In the case of the exergoeconomic performance, the reactor showed
the highest cost rate representing the 67% of the total costs. The total exergoeconomic cost rate was
2.3 €/kg of formate produced.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

This process involves a high capital investment and operation
costs, mainly related to the desorption step of the CO, in a

Anthropogenic emissions of carbon dioxide (CO,) have con-
tinuously increased in the last century due to the combustion of
fossil fuels, breaking the natural carbon cycle and contributing
to a worldwide temperature rise due to its greenhouse potential
(Alami et al., 2020; Anwar et al., 2020; Mac Dowell et al., 2017).
This has stimulated investigations to reduce the atmospheric CO,
by capturing it directly from air (Keith et al., 2018) or from power
and chemical plants (De Guido et al., 2018).

Carbon capture and sequestration (CCS) techniques are gener-
ally based on the chemical absorption of CO, by aqueous solu-
tions of amines or NaOH (Yoo et al., 2013; Yusuf et al., 2019) and
the sequestration of the captured CO, into a geological storage.
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stripping column and the compression of CO, through a multi-
stage compression system prior to its transportation (Yusuf et al.,
2019). Moreover, the value of CO, once stored underground is
very limited or even null (Kothandaraman et al., 2016). Carbon
capture and utilization (CCU) has arose as a potential alternative
to overcome the drawbacks associated with CCS. In addition to
the more favorable social perception of CCU compared to CCS due
to the use of CO, rather than its storage, the conversion of the
captured CO, into useful chemicals and fuels could compensate
the high costs associated with CCS (Styring et al., 2011).

The direct conversion of CO, can be achieved by different
methods, including hydrogenation, electrochemical reduction and
photochemical reduction. The low yields and high costs associ-
ated with these techniques are the main concerns for their indus-
trial application (Gomez et al., 2020). The catalytic hydrogenation
of CO, is one of the most popular alternatives for CO, utilization
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(Takahashi et al., 2008). However, gaseous H, is required and
its production is associated with high energy consumption, as
nowadays H, is mainly produced by the steam reforming of
methane, which is an energy intensive process (Michalkiewicz
and Koren, 2015). Additionally, the production of hydrogen from
fossil fuels releases around 830 million tons of CO, per year (Jo-
van and Dolanc, 2020). Despite the advances in the past years to
produce green hydrogen from renewable sources, these technolo-
gies are still not economically feasible (Jovan and Dolanc, 2020).
Moreover, the use of hydrogen involves safety concerns, such as
leakages and flammability (Gomez et al., 2020). To avoid the use
of gaseous H,, high-temperature water (HTW) has gained atten-
tion as a potential hydrogen donor and reaction media (Roman-
Gonzalez et al, 2018). Additionally, the use of hydrothermal
media enhances the economic feasibility of the integration of
systems of capture and utilization of CO, eliminating the afore-
mentioned high costs associated to the desorption of the CO,.

Under hydrothermal conditions, CO;, can be reduced to formic
acid using Zn or other metals as reductants (Jin et al.,, 2014).
Traditionally, formic acid has had important uses in industry such
as preservative and insecticide. It is also a source of carbon in
synthetic chemical industries and a useful reducing agent (Duo
et al., 2016). Moreover, formic acid has attracted great interest as
its potential use as a fuel or as a hydrogen storage vector in fuel
cells (Mardini and Bicer, 2021).

In the past decades, exergy analysis has been established as a
powerful tool to design and optimize energy-intensive manufac-
turing plants (Dincer and Rosen, 2020; Mojarab Soufiyan et al,,
2016). Exergy analysis is based on the combination of the first
and second law of thermodynamics and allows to determine the
locations and causes of thermodynamic imperfections, as well as
the quantities of energy loss or irreversibility (Aghbashlo et al.,
2019; Dowlati et al., 2017; Mojarab Soufiyan et al., 2016). Exergy
can be defined as the maximum amount of theoretical work that
can be taken from a system as it reaches the equilibrium with
its surroundings via reversible processes (Aghbashlo et al., 2019;
Mojarab Soufiyan et al., 2017). Exergy measures the potential
to produce change of a stream, taking the environment as the
reference state (Terehovics et al.,, 2017).

Exergy analysis has been used to optimize a wide variety of
chemical processes (Aghbashlo et al., 2019), such as food man-
ufacturing plants (Dowlati et al., 2017; Mojarab Soufiyan et al.,
2016, 2017), drying processes (Terehovics et al., 2017), combus-
tion systems (Martin et al., 2006; Petrakopoulou et al., 2011; Xu
et al., 2019), glycerol esterification with acetic acid (Aghbashlo
et al,, 2019) or in an industrial roller kiln to fire porcelain tiles
(Ferrer et al., 2019), among other examples. The combination
of exergy analysis with economic and environmental constrains
results on exergoeconomic and exergoenvironmental evaluations
which provide a more complete information for the optimization
of plants (Aghbashlo et al., 2019).

To the authors’ best knowledge, exergetic and exergoeconomic
analysis have not been performed for the production of formate
from CO,. By performing this type of analysis, critical informa-
tion with respect to the efficiency and the cost of the different
steps involved in the hydrothermal conversion of CO, can be
obtained. This information is important for the deployment of
the technology because, considering the very large scale of the
foreplaned CO, capture and conversion facilities, minimization
of costs is essential. Therefore, this information, which is not
available at the moment, can contribute to guide future research
on this topic. Considering this, the aim of this work is to present
a theoretical evaluation of the exergy balance in a continuous
plant for the production of formate from CO, captured as NaHCO5
under hydrothermal conditions. Moreover, this study presents the
calculation of the exergetic efficiency of the process to quantify
the exergy destruction along with the economic cost associated
with this loss. The exergetic improvement potential rate and the
sustainability index are also evaluated.
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2. Description of the process

In a previous work of this research group (Quintana-Gémez
et al., 2021), a continuous process for the hydrothermal conver-
sion of CO, into formate was proposed. In the process described,
1000 kg/h of CO, was captured with aqueous NaOH, forming
an aqueous solution of NaHCO3; with a concentration of 1.2 M.
The aqueous NaHCO; was reduced with Zn under hydrothermal
conditions following the process described in the flow diagram of
Fig. 1.

According to Fig. 1, the main steps in the hydrothermal reduc-
tion of CO, in the form of NaHCO 3 are:

(1) The feed solution of NaHCO5 at 25 °C and 1 bar (stream 1)
is pressurized to 200 bar in the pump (P-1). By pressurizing
the solution before heating, it is ensured that water re-
mains in the liquid state during the entire process, reducing
loss of captured CO, to the gas phase and improving the
reliability of the operation.

(2) After pressurizing the aqueous NaHCOs, stream 2 is heated
to 277 °C in the heat exchanger E-1. The temperature
reached in unit E-1 was calculated taking into account that
the mixture of the aqueous NaHCO5 with the reductant Zn
has to be introduced in the reactor at 275 °C.

(3) The hopper (TK-1) where Zn is stored is pressurized at
200 bar with N, to avoid the oxidation of Zn particles.

(4) Zn particles and aqueous NaHCO; are mixed through a
three-way valve (V-1).

(5) The reduction of the NaHCO;5 solution into formate takes
place in the reactor (R-1) according to reactions R1 and
R3, consuming hydrogen produced by the oxidation of Zn
with R2. According to the theoretical optimization of the
process developed in a previous work of this research
group (Quintana-Goémez et al., 2021), the optimum reaction
conditions are a Zn/NaHCO; mole ratio of 1.5, pressure
of 200 bar, temperature of 275 °C and a residence time
of 60 min. Under these conditions, the yield to formate
obtained in a continuous plug flow reactor was of 71%. H, is
also formed during the reaction. It is considered that all the
Zn is oxidized to ZnO. It must be noted that Zn is oxidized
very rapidly according to reactions 1 and 2 (Jin et al., 2014;
Roman-Gonzalez et al., 2018). Stream 6 is composed by the
reaction products and the unreacted reactants.

(6) ZnO formed is completely separated in the hydrocyclone
(S-1). Solids leave the hydrocyclone with a 20% of humidity
(stream 7) while stream 8 is composed by the reaction
products and unreacted NaHCOs;.

(7) After separating of the solids, stream 8 is cooled to 35 °C.

In order to save energy, an energetic integration is carried

out between stream 2 and stream 8 (Quintana-Gémez et al.,

2021). Therefore, stream 8 is used to heat stream 2 to

277 °C in heat exchanger E-1, leaving this unit at 45 °C. To

finish the cooling of stream 8, it is necessary to incorporate

a cooler (C-1) which used 4000 kg/h of cooling water at

20 °C to complete the cooling of stream 8 down to 35 °C.

Once the stream is cooled (stream 10), it is depressurized

through the isenthalpic valve V-2.

In the flash chamber (S-2), stream 11, composed by the

products and unreacted NaHCOs, is separated into its

gaseous (stream 12) and liquid components (stream 13).

To calculate the concentration of each component in the

flash unit, it is considered that NaHCO3 is decomposed in

its equilibrium species (Quintana-Gémez et al., 2021).

—
co
=

(9

—

The characteristics of each stream involved in the hydrother-
mal reduction of CO, in the form of NaHCO; into formate are
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Fig. 1. Flow diagram of a continuous plant for the hydrothermal conversion of CO, (https://pubs.acs.org/doi/10.1021/acs.iecr.1c01961).
Source: Adapted and reprinted with permission from Quintana-Gomez et al. (2021),
© 2021 ACS Further permissions related to this material should be directed to the ACS.

detailed in Table 1, including its temperature, pressure and mass
and energy balances.

HCO5 (aq) + Zn(s) — HCOO™ (aq) + ZnO(s) (R1)
H,0(1) + Zn(s) — Hy(aq) + ZnO(s) (R2)
HCO5 (aq) + Haz(aq) <+ HCOO™ (aq) + HyO(1) (R3)

3. Exergy analysis

To conduct the exergetic analysis of a continuous plant for the
hydrothermal conversion of NaHCO; into formate, the following
assumptions were considered:

e The conversion process was carried out under steady state
conditions.

e Potential and kinetic exergies were considered negligible
due to their small contributions to the overall exergy in
comparison with physical and chemical exergy.

e Temperature and pressure of the environment taken as ref-
erence were 25 °C and 1 bar, respectively.

e The variations of the conditions of the surroundings were
neglected.

The overall exergy balance for each unit of the proposed con-
tinuous plant is expressed in Eq. (1) (Aghbashlo et al., 2019):

Ein+W: out+EQ+ED (1)
where Ej is the rate of exergy supplied by the inlet stream (kW),
W is the electrical work rate (kW), Eyy is the rate of exergy
supplied by the output stream (kW), Eq is the exergy transfer
rate during the heat lost to the surroundings (kW) and Ep is the
exergy destruction rate, also called irreversibility rate (I) (kW).
The exergy transferred as heat from each unit to the surroundings
(Eq) can be calculated by Eq. (2) (Dowlati et al., 2017):

L E
EQ_Q,<1— T)

(2)

where Ty is the temperature of the environment and T the tem-
perature of the surroundings. In this work, the surroundings
of the system are coincident with the environment (T, = T).
Therefore, the exergy transferred to the surroundings is null for
all the units of the process and Eq. (1) can be rewritten as Eq. (3).

Ein + W = Eout + ED (3)

The exergy rate of the inlet and output mass flows includes
different components. In the absence of nuclear effects, mag-
netism, electricity and surface tension, the exergy rate E is de-
fined by Eq. (4) (Kotas, 2012).

(4)

where E, is the kinetic exergy (kW), Ep is the potential exergy
(kW), Eph is the physical exergy (kW) and E is the chemical
exergy (kW). Since Ei and E, can be neglected in this study, Eq. (4)
can be written as:

E=Ek+Ep+Eph+Ech

E = Eph + Ech (5)
_ In a liquid stream composed by the mixture of j substances,
Epn is calculated according to Eq. (6) (Kotas, 2012):

Epn =D iy (Hy — Ho) — To (S — So) (6)
j

where riy; is the mass flow rate (kg/s) of the jth component, H; and
Sj the enthalpy and the entropy of the jth component at operation
temperature and pressure, Hy and Sy the enthalpy and entropy
of the jth component at environment temperature and pressure
and Ty the temperature of the environment. The thermodynamic
properties (H; — Ho) and (S; — So) for CO, and H, were calculated
using the NIST Webbook (NIST Chemistry Webbok, 2020). In
the case of NaHCOs, Na,COs, NaOH, H,CO3; and HCOONa, these
parameters (H; — Ho) and (S; — Sp) were not considered as the
mass fraction of these solutes in the aqueous streams is always
below 0.03 (see Table 1) and therefore the contribution of the
enthalpy and entropy of these solutes can be safely neglected. The
properties of the water were calculated using Water97_v13.xla,
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Table 1

Temperature, pressure and mass and energy balances of the streams of the reduction of CO, in the form of NaHCO; into formate according to Fig. 1.
Stream 1 2 3 4 5 6 7 8 9 10 11 12 13
P (bar) 1 200 200 200 200 200 200 200 200 200 1 1 1
T (°C) 25 25 277 25 275 301 301 301 45 35 39 39 39
Substance (kg/s)
NaHCO; 0.53 053 0.53 - 0.53 0.15 6.0E—-03 0.15 0.15 0.15 0.13 - 0.13
Na,CO; - - - - - - - - - - 0.01 - 0.01
NaOH - - - - - - - - - - 85E-06 - 8.5E—06
H,CO3 - - - - - - - - - - 1.7E-04 - 1.7E—-04
CO; - - - - - - - - - - 2.0E—04 1.9E—04 3.7E-06
H,0 5.2 5.2 5.2 - 5.2 5.2 0.19 5.0 5.0 5.0 5.0 6.8E—03 5.0
Zn - - - 0.62 0.62 - - - - - - - -
HCOONa - - - - - 0.30 0.01 0.29 0.29 0.29 0.29 - 0.29
Zn0 - - - - - 0.77 0.77 - - - - - -
H, - - - - - 1.0E-02 3.8E-04 9.7E-03 9.7E-03 9.7E-03 9.7E-03 9.7E—03 7.2E—06
Total (kg/s) 5.8 5.8 5.8 0.62 6.4 6.4 1.0 5.4 5.4 5.4 5.4 0.02 5.4
AH (KW)
NaHCO3; 0 0 0 0 - 0
Na,C0s3 - - - - - 0 - 0
NaOH - - - - - - - - - - 0 - 0
H,CO3 - - - - - - - - - - 0 - 0
CO, - - - - - - - - - - 24E-03 23E-03 44E-05
H,0 96 5840 - 5780 6370 241 6130 500 295 296 0.41 296
Zn - - 63 - - - - - - - -
HCOONa - - - - 0 0 0 0 0 0 - 0
Zn0 - - - - - 120 120 - - - - - -
H, - - - - - 42 16 40 38 2.4 19 19 1.4E—-03
AH Total (kW) 0 96 5840 0 5840 6530 363 6170 504 298 298 2.3 296
AS (kW[ K)
NaHCO; 0 0 0 0 0 - 0
Na,COs - - - - - - - 0 - 0
NaOH - - - - - - - - - - 0 - 0
H,COs - - - - - - - - - - 0 - 0
CO, - - - - - - - - - - 78E—06 7.7E-06  1.4E-07
H,0 —-0.03 14 - 14 15 0.6 14 13 0.65 1.0 1.3E-03 1.0
Zn - - 53E-04 0.15 - - - - - - - -
HCOONa - - - - - 0 0 0 0 0 0
Zn0 - - - - - 0.28 0.28 - - - - - -
H, - - - - - —0.12 —4.7E—-03  —-0.12 —0.20 —0.21 6.3E—-03 6.3E-03 4.7E—06
AS Total (KW/K) 0 —-0.03 14 53E—-04 14 15 0.83 14 1.1 0.44 1.0 77E-03 1.0

which is an Add-In for MS Excel based on the industrial standard
IAPWS-IF97 (Wagner and Pruf3, 2002).

For the solid compounds, Zn and ZnO, the value of Cp; varies
with temperature as stated in Table S1 (Perry et al., 1997). In this
case, the differences H; — Hp and S; — Sp were calculated with
Eqgs. (7) and (8):

To

w-m:ﬁ CpdT (7)
To c .

%—50:/m4$ur (8)
T

Chemical exergy (Ech) was calculated using Eq. (9) (Kotas,
2012).

Ech = Z flj Z Xjéoj + kTo Z lenX]'
J J J

where 7; is the molar flow rate (kmol/s) of each current, & is
the molar chemical exergy (J/mol) of the jth component, R the
molar gas constant (8.3144 J/mol K), Ty the temperature of the
environment. The standard chemical exergy (€,) of the species
involved in the hydrothermal conversion of NaHCO5 into HCOONa
at standard conditions (tg = 25 °C and Py = 1.013 bar) can be
found in Table S2 (Kotas, 2012).

The value of the standard chemical exergy of HCOONa and
H,CO3; were not tabulated, and therefore, it was necessary to

(9)

calculate them using Eq. (10) (Kotas, 2012):
¢ =AG+ ) EY

where EE, is the standard chemical exergy of the constituent
elements, AG}’ is the standard molar Gibbs energy of formation,
whose values are gathered in Table S3 (Dean, 1979; Reid et al,,
2001). HCOONa and H,CO; are produced according to reactions
R4 and R5 respectively:

0

écompoun ( 1 0 )

NaOH (aq) + CO (g) — HCOONa (aq)
CO; (g) + H20 (1) — H»CO3(aq)

To evaluate the exergy destruction in the cooler (C-1), it was
necessary to calculate the physical exergy of the water using
as cooling fluid. In the cooler, the inlet temperature was fixed
at 20 °C, while the outlet temperature was 25 °C, considering
that the mass flow of cooling water was 4000 kg/h. The Ephwas
calculated according to Eq. (6). The thermodynamic properties of
water were calculated with the MS Excel Add-In Water97v13.xla
(Wagner and Pruf3, 2002).

The exergy efficiency () is defined as the ratio of the useful
exergy in each unit of the process and the exergy supplied to the
system. It is calculated by Eq. (11) (Martin et al., 2006):

EUSE
L (11)

Einput
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Exergy balances and equations for the calculation of the exergy destruction rate according to Eq.

(3) and exergetic efficiency according to Eq. (11).

Unit Exergy balance Exergy efficiency
“Pump (P-1) Ey+Wpy —E, = ED,P] Yp = %
Heat exchanger (E-1) (Ez - i:‘g) + (Es - Eg) =FEppi Ver = :2:2
Mixed valve (V-1) Es+Ey—Es = Epwn -

Reactor (R-1) }'55 — i:'s = E"D,m -

Cooler (C-1) (E9 - Em) + (ECW,in - ECW.nut) = ED,CI Yo = E;g::#

Expansion valve (V-2)

ElO - Ell = ED,VZ

“Wm = 235 kW was calculated with ASPEN ONE V.10 simulation software for an efficiency of 0.6

for the pump and 0.9 for the driver.

where Euseful is the sum of the useful exergy flows leaving the unit
and Ejnpy: the sum of the exergy of all streams entering each unit
of the process.

The exergetic improvement potential rate (IP) of each unit of
the plant is calculated according to Eq. (12) (Mojarab Soufiyan
et al,, 2016).

IP = (1= ) (En — Eou)

In addition to the exergetic improvement potential rate, the
sustainability index (SI) factor was also used to evaluate the
environmental impact of a process due to the exergy destruction.
The parameter SI is the relation between the input exergy and the
exergy losses of the system (Eq. (13)). The higher SI, the lower the
environmental impact factor (Castro et al., 2018):

1
Sl=——
1-vy

The exergy balances applied to calculate the exergy destruc-
tion rate and the equations used for calculating the exergetic
efficiency of each unit of the process in the continuous synthesis
of formate from NaHCO;3 (Fig. 1) are gathered in Table 2. It is
important to highlight that the exergy balances were not applied
to the cyclone S-1 and the flash chamber S-2, since these are
separation units in which there are neither change in the tem-
perature or pressure nor input of external work. Therefore, there
is no exergy destruction in these units. Moreover, they can be
considered as part of the previous units, this is, the cyclone S-1
as the separation part of the reactor R-1 and the flash chamber
S-2 as the separation unit of the depressurization valve V-2. In
regard to the exergetic efficiency, it was only calculated for the
pump P-1, the heat exchanger E-1 and the cooler C-1. Mixer valve
V-1 has no efficiency associated since mixing is a process that
takes place spontaneously when substances are put into physical
contact (Kotas, 2012). Likewise, there is no definition for the
efficiency in the reactor R-1 where an exothermic reaction takes
place, nor for the expansion valve (Kotas, 2012).

(12)

(13)

4. Exergoeconomic analysis

The exergoeconomic balance can be described with Eq. (14)
(Aghbashlo et al., 2019):

CinEin + CwW + Z = CoutEout (14)

where c is the unit exergoeconomic cost (€/k]), E is the exergy
of the stream (kJ/h), W is the electrical work (kJ/h) and Z the
investment cost rate (€/h). Table 3 gathers the exergoeconomic
balances calculated with Eq. (14) for each unit of the process
according to Fig. 1.

To calculate the unit exergoeconomic cost of each stream it is
necessary to solve the system of linear equations resulting from
Table 3. In order to solve the system, the following assumptions

must be considered: in the heat exchanger E-1 the cost per exergy
unit on the hot stream remains constant and therefore cg = co.
In the separation units, the following auxiliary equations can be
assumed ¢; = cg and ¢, = ¢y3 (Mahmoudi et al,, 2016). In the
valves V-1 and V-2, the investment cost rate Z can be considered
negligible. The value of c,, can be calculated considering the price
of electricity. The values of c¢x,0, ¢1 and ¢4 can be calculated with
Eq. (15) since these are streams entering the system (Aghbashlo
et al., 2019):

Zj mj,incj,in
Z]- rhj,iner.in
where m is the mass flow of the jth component (kg/h), C its cost
(€/kg) and ey its standard chemical exergy (k]/kg).

The investment cost rate (Z) of the process unit was calculated
according to Eq. (16) (Aghbashlo et al., 2019):
. Z-CRF-
=20

H
where Z is the investment cost (€), CRF the capital recovery factor
calculated by Eq. (17), ¢ the maintenance factor with a supposed

value of 1.06 and H the annual working hours. In this work, the
selected value for H was 8000 h.

i(1+0"

o = 100"

A+ -1
where i is the interest rate and in this case it was supposed to be
10% and N is the operation unit life time (supposed value, N = 20
year).

The cost associated to the irreversibility produced in each
process unit is defined by Eq. (18) (Aghbashlo et al., 2019):

(15)

Cinput =

(16)

(17)

CD = CuED (18)

where Ep is the exergy destruction in each unit and ¢, is the
exergoeconomic cost associated with each piece of equipment
of the plant. This cost per unit of exergy loss was calculated
according to Eq. (19) (Aghbashlo et al., 2019):
CinEin + CoW
¢, = Snbin & CwlW (19)
Ein +Ww

The total exergoeconomic cost rate of each unit of the con-
tinuous process is given by Eq. (20) (Aghbashlo et al., 2019):
CT = Z + CuED (20)

The capital cost of the main units of this process were calcu-
lated with the methodology detailed in a previous work of this
research group (Quintana-Gomez et al,, 2021). The cost of each
piece of equipment updated to present costs with the Chemi-
cal Engineering Plant Cost Index 2019 (CEPCI=607.5) (Chemen-
gonline, 2019) are included in Table 4.
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Table 3

Exergoeconomic balances for each plant unit calculated with Eq. (14).
Unit Balance
Pump (P-1) c1f:'1 + c,,,W +Z'p,1 = c2E2
Heat exchanger (E-1) cE> + cgFg + Zp_1 = c3E3 + coFs
Valve (V-1) C3E3 + c4E4 +ZV,1 = CSES

Reactor (R-1)
Hydrocyclone (S-1)
Cooler (C-1)
Expansion valve (V-2)
Flash chamber (S-2)

esks +Zp_1 = cgs

csks +Zs_1 = c1E7 + csFs

cofg + CetzoinFetzo,m + Ze—1 = c10E10 + Catrz0,0u Ectizo,0ue
ciofio +Zy—2 = cnkn

e +Zs_y = cipFrp + ci3Eis

Table 4
Capital cost of the main units of the
process according to Fig. 1.

Unit Cost (€)
Reactor (R-1) 450500
Pump (P-1) 42130
Heat exchanger (E-1) 56170
Cooler (C-1) 27590
Cyclone (S-1) 4026
Flash chamber (S-2) 4730

Regarding the operation, it is worthy to highlight that as the
bicarbonate is generated by the capture of CO, on NaOH, its cost
was considered the same as that of NaOH, that has a price of
353 €/t (Echemi, 2021), whereas the cost considered for Zn was
2201 €/t (MarketsInsider, 2021). It was assumed the plant would
be located at Valladolid area (Spain) where the overall price of
industrial water would be approximately 1.9 €/t (Aquavall, 2021),
and the cost of industrial electricity is on average 0.075 €/kWh
(Aura Energia, 2021).

5. Results and discussion

Exergy results

Table 5 gathers the value of the exergy of each stream involved
in the process. The exergy destruction loss and the efficiency for
each piece of equipment calculated with the equations gathered
in Table 2 are shown in Table 6. It also shows the improvement
potential rate calculated according Eq. (12) and the environmen-
tal impact factor SI calculated with Eq. (13). It is clear from
Table 6 that the highest exergy destruction rate took place in
the reactor, reaching 1268 kW. This unit presented also the high-
est exergetic improvement potential rate, with an improvement
value of 220 kW. The pump (P-1) also presented a significant
improvement rate of 73 kW, while the energy destruction rate
was 131 kW. The depressurization valve (S-2) showed also a
significant destruction rate of 217 kW. In regard to the lowest
destruction rates, they were observed in the cooler (C-1) and
mixer valve (V-1), with values of 10 kW and 11 kW, respectively.
The total exergy destruction rate per kg of CO, was 6600 k]/kg
treated CO,, where the contribution of the reactor was higher
than 4500 kJ/kg treated CO,. In terms of the produced sodium
formate, the total exergy destruction rate was 6260 kj/kg of
formate produced.

The exergy destruction in the reactor is almost 70% of the total
exergy destruction in the plant, as it is shown in Fig. 2. Therefore,
in order to improve the exergetic performance of the plant, the
reactor is the unit that must be considered at the first place. The
exergy destruction in the reactor can be ascribed to the chemical
reactions that take place. In the heat exchanger and valve 2, the
exergy destruction was also significant, representing 11% and 10%
respectively of the total destruction. The exergy destruction in

) 0.6

69.1
= Pump Heat exchanger = Valve 1
Reactor = Cooler = Valve 2

Fig. 2. Percentage of exergy loss of each equipment respect to the total exergy
loss of the process.

valve 1 and in the cooler was <1%, and therefore, these units do
not need further optimization in terms of exergy performance.

In terms of exergetic efficiency, as one might have expected,
the pump showed the lowest efficiency ratio with a value of 0.44,
due to the fact that it used the high quality electrical work for
pumping the feed stream (Mojarab Soufiyan et al., 2016). On the
other hand, the cooler had an efficiency ratio of 1 (Table 6), as it
was considered that there was no heat loss and the amount of wa-
ter was selected to fulfill the ideal performance of the unit. This
means that after passing the cooler the energy is still completely
available to conduct other process duties (Mojarab Soufiyan et al.,
2016).

The higher the sustainability index, the lower the environmen-
tal impact, since the higher the efficiency the higher the SI (Castro
et al., 2018). The SI values varied from 1.8 to ca. 10, being the
pump the equipment with the highest environmental impact.

As aforementioned, the reactor was the unit with the highest
exergy destruction rate. In order to investigate the effect of the
reaction yield in the exergy destruction, other two different reac-
tion yields were simulated, specifically yields to sodium formate
of 35% and 95%. For the lower yield, the total destruction rate per
kg of treated CO, decreased to 4960 kj/kg treated CO,. However,
as due to the low yield the quantity of formate produced was
lower, the exergy destruction rate in terms of product synthe-
sized increased to 9530 kJ/kg of formate. On the contrary, as
one might expect, when the yield increased to 95%, the total
exergy destruction rate decreased to 5300 k]J/kg of formate. As it is
clear for Table 7, when the yield was reduced to 35%, the exergy
destruction rate in the reactor decreased to 808 kW and when
the conversion into formate was near complete, the destruction
rate of the exergy increased to 1570 kW. The percentage of the
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Exergy rate for each stream involved in the reduction of NaHCOs into formate. Streams were numerated according to Fig. 1.

Stream 1 2 3 4 5 6

E (kw) 2250 2354 3969 3343 7301 6033

7 8 9 10 11 12 13
600 5433 3621 3611 3394 1140 2254

Table 6
Exergy destruction rate, exergetic efficiency, I[P and SI for the process units
according to Fig.

1.UNIT Ep (kW) Efficiency P (kW) SI
Pump (P-1) 131 0.44 73 1.8
Heat exchanger (E-1) 197 0.89 21 9.2
Valve (V-1) 11 - - -
Reactor (R-1) 1268 0.83 220 5.8
Cooler (C-1) 10 1.00 - -
Valve (V-2) 217 - - -
Table 7
Exergy destruction rate (kW) as a function of the yield to formate.

UNIT Yield: 35% Yield: 95%

Pump (P-1) 131 131

Heat exchanger (E-1) 179 210

Valve (V-1) 11 11

Reactor (R-1) 808 1570

Cooler C-1 10 10

Valve (V-2) 240 148

-0.8
58.6
= Pump = Heat exchanger = Valve 1
Reactor = Cooler = Valve 2

Fig. 3. Percentage of exergy loss of each equipment respect to the total exergy
loss of the process for a yield to formate of 35%.

exergy destruction in the reactor with respect to the total exergy
destruction was 59% and 76% when the yield was 35% and 95%
respectively as plotted in Figs. 3 and 4.

Exergoeconomic results

In Table 8, the calculated values for the unit exergoeconomic
costs of each stream based on the balances of Table 3, are gath-
ered. The streams with highest exergoeconomic unit cost were
11, 12 and 13, which are the streams present in the flash sep-
aration unit. It is also important to highlight that the cost of
stream 3 has a negative value of —0.25 €/M]J, which indicates that
additional costs can be associated with this stream.

Table 9 summarizes the exergoeconomic results of a con-
tinuous plant for the hydrothermal production of formic acid
from CO,. It specifically tabulates costs associated to the exergy
destruction in each unit (Cp) calculated with Eq. (18), the exergy
destruction rate (Ep) calculated with the expressions gathered
in Table 2, the factor ¢, (Eq. (19)) and data from Table 7, the
investment cost rate (Z) calculated with Eq. (16) and the exer-
goeconomic cost rate of each unit (Cr) calculated with Eq. (20).

0.5

\

/ 101 0.5

75.5

Valve 1
® Valve 2

Fig. 4. Percentage of exergy loss of each equipment respect to the total exergy
loss of the process for a yield to formate of 95%.

= Pump » Heat exchanger

Reactor m Cooler

As previously described, an interest rate of 10% was considered
for these calculation. As a complement, table S4 of the supporting
information presents the results considering other values of the
interest rate.

It is interesting to note that the highest cost factor (c,) was
observed in the flash chamber with a value of 1.15 €/M], which
is in agreement with the results of Table 7, where the highest uni-
tary exergoeconomic cost where found in the streams involved in
the separation in the flash chamber. Despite this high exergoeco-
nomic cost, as in the flash chamber there is no exergy destruction,
the total exergy cost associated is given only by the investment
cost rate (Z), showing a low value of 0.1 €/h. The highest total
exergoeconomic cost rate was identified in the reactor, since it
also presented the highest destruction rate. The total exergoe-
conomic cost in the reactor had a calculated value of 1636 €/h
and represented the 67% of the total exergoeconomic cost rate
of the process (Fig. 5). The other process units with significant
total exergoeconomic cost rates were the heat exchanger and the
pump, with values of 624 and 183 €/h respectively. Only these
three units constituted >99.5% of the total exergoeconomic costs.
As one might expect, those units where the destruction rate was
null, showed a negligible Cr value due to the fact that the total
cost only included the investment cost rate (Z). The contribution
of these units, the hydrocyclone and the flash chamber to the
total exergoeconomic cost rate was near zero, and therefore, they
are not plotted in Fig. 5. In the case of the cooler, it was neither
considered in Fig. 5, because its contribution to the overall cost
rate was lower than 0.1%. According to Fig. 5, for a yield of 71%,
the heat exchanger represented 25.5% and the pump 7.5% of the
total exergoeconomic cost rate. The total exergoeconomic cost
was 2.4 €/kg of treated CO, and 2.3 €/kg of produced formate.

Considering the volatility of the price of electricity in the cur-
rent context, Table S5 of the supplementary information presents
the results obtained for different values of this price. It can be
noted that the price of electricity has a relatively low impact
on the cost of the process, as electricity is only used to power
the liquid pump. This cost is comparatively small with respect
to the cost of raw materials, and particularly Zn, which is the
dominating cost of the process (Quintana-Gémez et al., 2021).
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Fig. 5. Percentage contribution to the total exergoeconomic cost rate of the pump, heat exchanger and reactor in the continuous plant for the hydrothermal synthesis

of formate from CO, at different formate yields.

Table 8

Unitary exergoeconomic cost factor for each stream involved in the process of CO, hydrothermal reduction into

formate according to Fig. 1.

Stream 1 2 3 4 5
c (€/M)) 0.42 0.41 —0.25 1.1 0.36

7 8 9 10 11 12 13

0.43 1.1 11 1.1 11 12 1.2 12

Table 9

Cost factor (c,), the exergy destruction rate (I;'D), the cost associated to the
destruction rate (Cp), the investment cost rate (Z) and the exergoeconomic cost
rate (Cr) for the process units according to Fig. 1.

Unit c (€M])  Ep (MJ/h)  Cp (€/h)  Z (€/h) G (€]h)
Pump 0.39 471 182 0.66 183
Heat exchanger  0.88 710 623 0.87 624
Reactor 0.36 4564 1629 7.0 1636
Hydrocyclone 0.43 - - 0.06 0.06
Cooler 0.07 36 3 0.43 3.2
Flash chamber 1.2 - 0 0.07 0.07

When the yield to formate was reduced from 71% to 35%, the
contribution of the reactor to the total exergoeconomic cost rate
decreased to 58% while the contribution of the heat exchanger
and the pump increased to 32 and 10% respectively (Fig. 5).
On the contrary, when the yield to formate increased to 95%,
the contribution of the reactor to the total exergoeconomic cost
increased to 75%, while the contribution of the pump dropped
to less than 0.03% and its contribution cannot be appreciated in
Fig. 5. The total exergoeconomic costs were 3.5 and 2.7 €/kg of
produced formate for a formate yield of 35% and 95% respectively.
In both cases, the total costs were higher than in the case of a
yield of 71% that showed a value of 2.3 €/kg of formate. It could
be expected that for a yield of 95%, the cost would decrease due to
the higher quantity of formate produced. However, the increase
of the exergoeconomic cost in the reactor cannot be compensated
by the increase in the production of formate.

6. Conclusions

In this work, an exergy and exergoeconomic performance
assessment of a continuous process for the production of for-
mate from CO, was conducted. The exergy destruction rate was
of 6600 kJ/kg treated CO, and 6260 kJ/kg formate. The reactor

showed the major contribution to the exergy destruction rate,
reaching a value of 1268 kW. The exergy destruction rate per
kg of treated CO, was 6600 kW/kg CO,. The effect of the for-
mate yield in the exergy destruction rate was also investigated,
concluding that when the yield increased from 71% to 95%, the
exergy destruction rate of the reactor related to the total exergy
destruction of the process increased from 70% to 76%, while when
the yield is reduced to 35%, the contribution of the reactor also
decreased to 59%. Likewise, when the exergoeconomic analysis
was performance, the unit with a highest contribution to the total
exergoeconomic cost rate of the process was also the reactor,
exhibiting the 67% of the total exergoeconomic cost rate. The
total exergoeconomic cost rate per kg of produced formate was
2.3 €while treated CO, costed 2.4 €/kg from the point of view of
exergoeconomic cost.
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