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Excess hydrogen and carbon dioxide will be produced during the operation of life support
systems in the habitable confined space (HCS), and to eliminate the two excess gases by
converting them into methanol is of great significance for maintenance of atmospheric
balance and protection of crew’s life safety. Due to the limited energy supply ability within
the HCS, it is important for the system of carbon dioxide hydrogenation to methanol
(CDHM) to operate with high energy efficiency to reduce unnecessary external energy
consumption and internal energy loss. In this paper, the exergy analysis method is adopted
for exergy efficiency improvement. Specifically, a parametric study on the exergetic
performance of the CDHM system is conducted based on the three key working
condition parameters that have a huge impact on the reaction process and energy
utilization quality, which is used to find the favorable working condition with low
external energy consumption and exergy destruction per unit gas elimination and high
exergy efficiency. Within the chosen three reaction parameters which are reaction
pressure, temperature, and space velocity ranging from 5 to 8MPa, from 483.15 to
543.15 K, and from 2,800 to 4000 h−1, respectively, the gas elimination of carbon dioxide
and hydrogen increases by 13.3, 19.58, and 30.58%, respectively. Moreover, the input
power, cold energy consumption, and exergy destruction per molar synthetic methanol all
grow to some extent, leading to a 0.06% decline, a 0.46% promotion, and a 0.15%
decrease, respectively, in the exergy efficiency. The results show that the high exergy
efficiency can be realized with relatively low pressure, high temperature, and low space
velocity in the working condition. Besides, the exergy destructions of each component in
the CDHM system are also presented in this paper. The exergy destructions in the
methanol synthesis reactor, heater, and heat exchanger hot end are found to be the three
biggest, whose summation accounts for more than 90% of the total system exergy
destruction. Thus, the exergy efficiency also can be improved by reducing the three
biggest exergy destructions.
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INTRODUCTION

Habitable confined spaces (HCSs) are usually established to
sustain human life in scenes such as orbital space station,
spacecraft, and submarines for scientific research studies and
military applications (Russell and Klaus, 2007). It is of great
importance to keep the interior atmosphere in a habitable
condition at all times (Carey et al., 1983). Water electrolysis is
currently used in the HCS to provide oxygen for crews in long-
period missions (Schmitt et al., 2011). However, it produces
hydrogen as a by-product. Meanwhile, crews exhale large
amounts of carbon dioxide when breathing. If the excess
hydrogen and carbon dioxide in the HCS cannot be removed
in time, the atmospheric environment will lose its balance, which
can endanger the crews’ health or lives and even lead to an
explosion in the HCS (Lewis et al., 2005). Therefore, how to
eliminate the excess hydrogen and carbon dioxide timely and
efficiently has become a key to life support in the HCS. At present,
there are many methods in this regard (Cheng et al., 2008; Cho
et al., 2013; Suhas et al., 2014; Zhang et al., 2014; Younas et al.,
2016), among which carbon dioxide hydrogenation to methanol
(CDHM) is the most promising one (Li et al., 1999). Compared
with other methods that cannot completely eliminate the excess
gases and require compression and storage of the remaining
excess gases or generated gases, the CDHM method can convert
the two types of excess gases completely into liquid methanol and
water which are easy to be stored without the need of a
compressor (Kiss et al., 2016). Besides, the obtained methanol
and water can be reused. Specifically, methanol as a fuel can be
used in the energy-consuming devices, and water is reelectrolyzed
to provide oxygen to the crew. It means that the CDHM method
can realize the atmosphere regeneration and materials recycling,
which is conductive to maintaining long-term atmospheric
balance. Thus, CDHM is the most effective excess gas
elimination method with promising application in the HCS.

In order to ensure the CDHM system operates properly in the
HCS, external energy mainly including input power (mechanical
energy and electric energy) and cold energy should be input
(Zhang et al., 2013). Although input power and cold energy can
be easily obtained in large chemical industrial sites, they suffer
from frequent shortages in the HCS because of constraints of the
HCS surrounding environment. Therefore, the CDHM system
must be operated with high energy efficiency to reduce
unnecessary external energy consumption and internal energy
loss, which means that the external energy consumption and
internal energy loss per unit gas elimination in the CDHM system
should be as low as possible. Thus, for the purpose of energy
efficiency promotion, it is essential to evaluate the energy
utilization quality of the CDHM system, including its gas
elimination, external energy consumption, internal energy loss,
and energy efficiency. Because exergy analysis not only helps with
a better understanding of energy utilization quality in the energy
conversion system but also assists in energy efficiency promotion
with regard to the boundary constraint issue [Soohret et al.
(2015), Razi et al. (2020), Muhammad et al. (2021), it has
been widely used in energy efficiency analysis and
optimization for various components [Al-Abbas et al. (2020),

Ansari et al. (2021), Voloshchuk et al. (2020)] and energy
conversion systems including the CDHM system (Xie et al.,
2020).

A number of researchers have investigated the exergy
performance of the CDHM system. Crivellari et al. (2019)
conducted the exergetic and exergoeconomic analyses of two
methanol synthesis processes driven by offshore renewable
energies, and the sensitivity analysis of wind speed and direct
normal irradiance for the two routes was performed. Do and Kim
(2019) proposed a novel methanol production process which was
developed by integrating CO2 hydrogenation and
thermochemical splitting technologies using solar-thermal
energy. The process configuration and operating conditions for
maximizing the amount of methanol achieved high energy
efficiency. Three methanol synthesis processes based on steam
reforming with direct CO2 hydrogenation, combined reforming,
and dry reforming were investigated from an exergetic point of
view by Blumberg et al. (2019). Besides, parameter and sensitivity
analyses were conducted for the reforming unit to analyze the
impact of CO2 as a reaction agent on the methane conversion and
the syngas composition. Nimkar et al. (2017) conducted exergy
and exergoeconomic analyses for various thermally coupled
reactors used for methanol synthesis on the basis of exergy
efficiency, exergy destruction, and hydrogen production. The
results can assist in the selection of suitable thermally coupled
reactors. Besides, Blumberg et al. (2017) conducted energy and
exergy analyses for a medium-capacity methanol plant based on a
low-pressure synthesis process for natural gas.

Although there are many studies on exergy analysis of the
CDHM system in various application scenarios, little reference
has been found for the CDHM system exergy analysis in the HCS.
The main reasons are given as follows: Firstly, the reaction
processes in current studies are much different from that in
the HCS because they have different application scenarios. The
current studies mainly focus on large chemical industrial sites;
their methanol synthesis processes are relatively complex because
they generally include various auxiliary units, such as a
pretreatment unit for impurity removal and a methane-
reforming module for carbon dioxide production. However,
the CDHM system in the HCS is relatively small; its process
has no auxiliary unit because hydrogen and carbon dioxide in it
are converted into methanol directly. Secondly, the existing
studies and the study in the HCS focus on different indicators.
Specifically, the current studies are based on the purpose of CO2

reduction andmethanol increase under the condition of sufficient
external energy input. The main indicators in those studies are
CO2 conversion and methanol production rate, while the
concerned indicators in the study in the HCS are energy
consumption and energy loss per unit gas elimination since
the external input energy is limited. It means that the system
does not need to have the maximum methanol yield, but the
energy consumption and energy loss per unit gas elimination in it
should be as small as possible. Finally, the objectives of parametric
analysis which is used to identify favorable operation parameters
in current studies are inconsistent with that of the study in the
HCS. Parametric analysis in current studies mainly focuses on the
influences of external input energy change and different reaction
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processes on system exergy efficiency. Because the CDHM system
in the HCS has a fixed process and limited external energy input,
its exergy efficiency is improved mainly by adjusting the working
condition. Therefore, the parametric analysis for exergy efficiency
promotion of the CDHM system in the HCS mainly focuses on
the influences of working condition parameters’ variation. It has
to be noted that gas elimination, that is, methanol synthesis,
energy consumption, exergy destruction, and exergy efficiency all
change constantly with the changes of working condition
parameters. It is essential for the CDHM system in the HCS
to find the favorable working parameters that attain low external
energy consumption and exergy destruction per unit gas
elimination.

The high energy efficiency of the CDHM system can be
achieved mainly through two approaches. One is to ensure
that the system works under the condition of less external
energy consumption and internal energy loss per unit gas
elimination, and the other is to reduce the energy loss of
components with big energy loss. In this paper, the exergy
analysis method is adopted to conduct the energy utilization
quality evaluation for exergy efficiency promotion. Energy
analysis and exergy analysis models of each component in the
process of CDHM system in the HCS are established. As the
reaction process and energy conversion of the CDHM system are
mainly affected by three working condition parameters: pressure,
temperature, and space velocity, parametric analysis to present
the energy utilization quality under the three working condition
parameters is conducted. Thus, the laws of gas elimination,
synthetic methanol, external input power, cold energy
consumption, and exergy destruction changing with the three
working condition parameters are obtained. In order to present
the quantity of external energy consumption and internal energy
loss per unit gas elimination, the indicators including total input
power, cold energy, and exergy destruction per molar synthetic
methanol as well as exergy efficiency are adopted in this paper.
Consequently, the laws of the four indicators changing with the
three working condition parameters are all presented; based on
the results, the favorable working condition with low external
energy consumption and internal exergy destruction per unit gas
elimination is obtained. Besides, the obtained exergy destructions
of all components in the CDHM system are used to show the
distribution of real energy loss in the CDHM system, which
benefit to find and reduce the biggest exergy destruction for
improving exergy efficiency.

SYSTEM DESCRIPTION

The schematic diagram of the CDHM system is shown in
Figure 1A. The system is mainly composed of the
compressors, mixer, heat exchanger, heater, methanol
synthesis reactor (MSR), condenser, and circulating pump. Its
working principle is described as follows: The collected hydrogen
and carbon dioxide are firstly compressed to the reaction pressure
by the H2 compressor and the CO2 compressor, respectively.
Then, hydrogen and carbon dioxide of high pressure and low
temperature as well as the cooled unreacted gas of high pressure

from the circulating pump flow into the mixer. The homogenic
gas mixture of high pressure and normal temperature flows
through the heat exchanger cold end and the heater in turn,
to be heated to the required reaction temperature. Subsequently,
the gas mixture of high pressure and high temperature is derived
into the MSR where the methanol synthesis reaction takes place.
It has to be noted that not only carbon dioxide hydrogenation to
methanol happens, but also the reverse water gas shift takes place
in the methanol synthesis reactor. Meanwhile, the reaction of
carbon monoxide hydrogenation to methanol occurs in parallel.
The three reaction equations are given in Eqs. 1–3. Therefore, the
products from the MSR are methanol, water steam, and carbon
monoxide. Because carbon monoxide can be converted to
methanol with hydrogenation, it is not the end product. Since
the reactants cannot be converted into methanol completely
through one reaction process, the gas mixture flowing out of
the MSR consists of both products and reactants. The post-
reaction mixture gas has high pressure and high temperature
and is then pressed into the heat exchanger hot end to transfer
part of heat to the cool gas in the cold end of heat exchanger, so
that its temperature is brought down. Afterward, it flows into the
condenser and is further cooled to a temperature lower than
the condensing temperatures of methanol and water under the
current pressure. Therefore, methanol and water in the mixture
gas become liquefied phase and are separated from it. The
pressure of the mixture gas decreases after it flows through the
heat exchanger cold end and condenser. Thus, the circulating
pump is used to pressurize the residual gas and converge it into
the mixer for the next reaction cycle:

CO2(g)+3H2(g)#CH3OH(g)+H2O(g)
ΔH0 � −49.43(kJmol−1), (1)

CO2(g)+H2(g)#CO(g)+H2O(g) ΔH0 � 41.12(kJmol−1), (2)

CO(g)+H2(g)#CH3OH(g) ΔH0 � −90.55(kJmol−1), (3)

The MSR is the core component of the CDHM system, and its
schematic diagram is illustrated in Figure 1B. The MSR is
installed with reaction tubes which are packed with the
catalyst. The catalytic reactions occur in the reaction tubes.
Besides, the liquid medium with strong heat transferability is
used in the MSR to surround the reaction tubes. Thus, heat
released during the methanol synthesis reaction is taken away by
the liquid medium. Because the heat exchange between the liquid
medium and reaction tubes is intense and rapid, the reaction
temperature in the tubes is considered to be equal to the liquid
medium temperature. Besides, the reactions in the MSR are
influenced by the reaction temperature and other reaction
conditions such as pressure and space velocity.

In the CDHM system, the reactants are hydrogen and carbon
dioxide, while the end products are methanol and water. In order
for the CDHM system to operate normally, external energy
mainly input power and cold energy should be input.
Specifically, input power is required in the H2 compressor,
CO2 compressor, and circulating pump to compress the gases,
as well as in the heater to heat the mixture gas. Cold energy in the
condenser and MSR is used for heat dissipation.
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ENERGY AND EXERGY ANALYSIS
MODELING

In the modeling process, energy analysis modeling is conducted
firstly to obtain the key parameters such as mass flow,
temperature, and pressure which are vital for the exergy
analysis. Then, the exergy analysis models to obtain all kinds
of exergies in the system are established, which could reveal the
real energy change in the system.

Energy Analysis Modeling
The energy analysis modeling of the CDHM system and each
component in it are based on the first law of thermodynamics
(Xiong et al., 2019; Rafiee, 2020). For an open system, energy can be
transferred in and out of the system with streams of matter, heat
transfer, and work (Nimkar et al., 2017). In this paper, the changes
in kinetic and potential energies are not considered. Thus, the
energy balance in steady-state conditions is given as follows:

Σ _minhin + Σ _Qin + Σ _W in � Σ _mouthout + Σ _Qout + Σ _Wout, (4)

where ṁ is the mass flow rate; the subscripts “in” and “out”
signify the flow in and out of the system, respectively; h is the
specific enthalpy whose expression is given in Eq. 5; _Q is the heat
energy transfer rate; and Ẇ is the power transfer rate. It has to be
noted that the mass balance which can be described in Eq. 6 is
adopted in the energy analysis:

h � u + pV , (5)

Σ _min � Σ _mout, (6)

where u, p, and V are the internal energy, pressure, and volume,
respectively. It has to be noted that the energy loss due to pressure
drop in each component is eventually converted into internal
energy of the airflow. Therefore, the detailed analysis of pressure
drop and internal energy which is not the main concern can be
avoided when the variable of enthalpy is adopted in modeling.

In order to facilitate analysis of the energy balance in the MSR,
the reaction tube which is the real energy change module in the
MSR is divided into infinite numbers of elements along its axial
direction. The element analysis schematic diagram is shown in
Figure 1B. A homogeneous model shown in Eq. 7 is established
to describe the steady-state energy balance of the element:

(cgΔmg + ccΔmc)ΔT(x) � ΔAU(Tsh − T(x))+
Δmc[r1(x)(−ΔHr1) + r2(x)(−ΔHr2) + r3(x)(−ΔHr3)] + Δp(x)mg

ρg
,

(7)

where cg and Δmg are the reactant gas–specific heat and mass
in the element, respectively; cc and Δmc are the catalyst-
specific heat and mass in the element, respectively; T(x)
and ΔT(x) are the temperature of the reactant gas and its
change at x point, respectively; ΔA is the superficial area of the
element; U is the heat transfer coefficient between the liquid

FIGURE 1 | (A) The schematic diagram of the CDHM system; (B) The schematic diagram of methanol synthesis reactor.
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medium and the reaction tube wall; Tsh is the temperature of
the liquid medium; r1(x), r2(x), and r3(x) are the reaction
ratios of the three reactions described in Eqs. 1–3,
respectively, whose kinetic models refer to that proposed
by Seidel et al. (2018); ΔHr1, ΔHr2, and ΔHr3 are the
reaction enthalpy of the three reactions, respectively; ρg is
the reaction density; and Δp(x) is the pressure drop of the
element at X point which is described as

Δp(x) � −(1.75 + 150(1 − εc
Re

)) v2ρg
dt

(1 − εc
ε3c

), (8)

where εc is the porosity of the catalyst; Re and v are the Reynolds
number and velocity of the reactant gas, respectively; and dt is the
inner diameter.

The synthesized methanol along the axial direction of the
reaction tube is gradually accumulated. The molar flow change of
each component in the gas mixture between two adjacent
elements is given as

Fi(x + Δx) − Fi(x) � d2
t

4
Δx(1 − εc)ρcri′(x), (9)

where i is used to represent the component in the gas mixture
which includes carbon dioxide, carbon monoxide, hydrogen,
methanol, and water stream; Fi(x+Δx) and Fi(x) are the molars
of each component at x point and x+Δx point, respectively; and
ri′(x) is the reaction ratio of each component.

Exergy Analysis Modeling
The exergy concept is developed based on the second law of
thermodynamics, reflecting that all transformations are
irreversible in nature and generate entropy. Exergy can be
transferred into and removed from a system through three
means which are mass flow, heat transfer, and work (Soohret
et al., 2015). For an open system, the exergy balance equation to
describe the exergy flow is given as

Σ _minexin + Σ _ExQ,in + Σ _W in � Σ _moutexout + Σ _ExQ,out + Σ _Wout + Σ _Exd,
(10)

where ex is the exergy of per mass, ĖxQ is the exergy associated
with heat transfer, and Ėxd is the exergy destruction.

Exergy whose expression is given in Eq. 11 generally consists
of physical, chemical, kinetic, and potential components. In the
CDHM system, the kinetic exergy eKN and potential exergy ePT

are negligible. The physical exergy ePH and chemical exergy eCK

are expressed in Eqs. 12, 13, respectively:

ex � eKN + ePT + ePH + eCK, (11)

ePH � cg(T − T0) − T0[cg ln(T/T0) − R ln(p/p0)], (12)

eCK � {∑ yie
CK
i +RT0 ∑ yi ln yi (mixture gas)
eCKf � cLHV (liquid), (13)

where T and T0 are the temperatures of current condition and
reference condition, respectively; yi and eCKi are the molar fraction
and chemical exergy of each component; and R, c, and LHV are
the gas constant, coefficient, and low heating value, respectively.

The exergy associated with heat transfer is described as
follows:

_ExQ � (1 − T0

T
) _Q, (14)

The exergy efficiency of the CDHM system is given as follows:

η � Σ _moutexout
Σ _minexin + Σ _ExQ,in + Σ _W in

, (15)

According to the mass balance, energy balance, and exergy
balance, the equations of each component in the system can be
seen in Table 1.

RESULTS AND DISCUSSIONS

Operating Parameters and Calculation
Cases’ Arrangement
Specifications of the MSR and the chosen commercial Cu/ZnO/
Al2O3 catalyst are described on the left side of Table 2. Working
parameters such as temperature and operating pressure are
specified on the right side of Table 2 and function as the
initial condition for the cases’ arrangement of exergy analysis.
According to the study of Seidel, the reasonable reaction
condition is 5–10 MPa for pressure, 473.15–573.15 K for
temperature, and 2,500–4,000 h−1 for space velocity (Seidel
et al., 2018). Thus, the reaction pressure, temperature, and
space velocity are arranged in the limited ranges to explore the
effects of parameters on the exergy performance of the CDHM
system. Specifically, the cases of 5, 6, 7, and 8 MPa are arranged to
demonstrate the reaction pressure influence on the exergy
performance; the cases of 483.15, 503.15, 523.15, and 543.15 K
are set to show the reaction temperature influence; and the cases
of 2,800, 3,200, 3,600, and 4000 h−1 are organized to illustrate the
space velocity effect on the exergy performance.

All the established models in this paper are solved in
MATLAB. It has to be noted that the uncertainty of the
calculation results mainly comes from the selection of the
length of the reaction tube element dx in Eqs. 7–9.
According to the conclusion in the study of Bathe et al.
(1972), the systematic error will be less than 1% when the
chosen calculation step is not greater than 0.02 times the
calculation cycle. In order to reduce the uncertainty of the
calculation results, the calculation step in this paper is selected
to be 0.001 times the reaction tube length.

Exergy Performance Under Different
Reaction Pressures
The flows of eliminated reactants, circulating gas, and synthetic
methanol are shown in Figure 2A. It can be found that the flows
of eliminated hydrogen and carbon dioxide, that is, FH and FC,
increase at the same rate of 13.3% when the reaction pressure
increases from 5 to 8 MPa. As the eliminated reactants are
eventually synthesized into methanol, the flow of synthetic
methanol FMH is also observed to increase by 13.3%, while the
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flow of circulating gas FP decreases by 9.02%. The reason is that
the increase of reaction pressure contributes to the increase of
methanol synthesis rate, which eventually leads to the increases of
FC, FH, and FMH. The flow of circulating gas FP, determined by the
flow of unreacted gas mixture flowing out of the MSR,
consequently declines with the increase of reaction pressure.
As shown in Figure 2B, the hydrogen compressor and the
heater consume the most amount of input power in the
system, and their values are 1955.7 and 1713.8 W at 5 MPa,
respectively. In contrast, the circulating pump requires the least
amount of input power with a value of 355.2 W. Besides, almost
all the input power increases when the reaction pressure is
increased. Specifically, the input power of hydrogen and
carbon dioxide compressors, that is, Win,HC and Win,CC, sees
the largest rise with the same value of 26.2%, which is mainly due
to the increase of flows of hydrogen and carbon dioxide. The

increase of input power for the heater Win,H is not significant
because the flow of gas mixture in the heater, namely, the
summation of FC, FH, and FP, changes little. The results show
that more input power about 14.42% is required for the system
with the increase in reaction pressure. As shown in Figure 2C, the
cold energy consumed in the MSR _Qreis smaller than that in the
condenser _Qco, and their values are 2,447.3 W and 4,745.6 W at
5 MPa, respectively. When the reaction pressure increases from 5
to 8 MPa, the cold energy consumed in the MSR sees a
remarkable increase from 2,447.3 to 2,805.3 W, while the cold
energy consumed in the condenser has a slight decrease. As a
result, the total cold energy consumed in the CDHM system
increases by 4.33% from 7,201.88W to 7,514.06 W. Because the
increase in the reaction pressure leads to more methanol
synthesis and reaction heat release, more cold energy is
required for dissipating the reaction heat in the MSR. The

TABLE 1 | Mass, energy, and exergy balance of each component.

Component Mass balance Energy balance Exergy balance

CO2 compressor _m1 � _m2 _m1h1 +Win,CC � _m2h2 _m1ex1 +Win,CC � _m2ex2 + _Exd,CC
H2 compressor _m3 � _m4 _m3h3 +Win,HC � _m4h4 _m3ex3 +Win,HC � _m4ex4 + _Exd,HC
Mixer _m2 + _m4 + _m11 � _m5 _m2h2 + _m4h4 + _m11h11 � _m5h5 _m2ex2 + _m4ex4 + _m11ex11 � _m5ex5 + _Exd,mix

Heat exchanger hot end _m5 � _m6 _m5h5 � _m6h6 + _QHX _m5ex5 � _m6ex6 + ExQ,HH + _Exd,HH
Heater _m6 � _m7 _m6h6 +Win,H � _m7h7 _m6ex6 +Win,H � _m7ex7 + _Exd,H
MSR _m7 � _m8 _m7h7 � _m8h8 + _Qre _m7ex7 � _m8ex8 + _ExQ,re + _Exd,re
Heat exchanger cold end _m8 � _m9 _m8h8 + _QHX � _m9h9 _m8ex8 + _ExQ,HC � _m9ex9 + _Exd,HC
Condenser _m9 � _m10 + _mMH _m9h9 � _m10h10 + _mMHhMH + _Qco _m9ex9 � _m10ex10 + _mMHexMH + _ExQ,con + _Exd,con
Circulating pump _m10 � _m11 _m10h10 +Win,P � _m11h11 _m10h10 +Win,P � _m11h11 + _Exd,P

TABLE 2 | Specification and working parameters of the CDHM system.

Structure parameter Value Working parameter Value

Reaction tube diameter dt 0.011 m Hydrogen inlet flow 0.18 mol s−1

Reaction tube length L 7 m Carbon dioxide inlet flow 0.06 mol s−1

Reaction tube number 20 Hydrogen inlet temperature 298.15 K
Catalyst density ρc 1770 kg m−3 Carbon dioxide inlet temperature 298.15 K
Porosity ε 0.3 Reaction pressure Pre 5 MPa
Compressor efficiency 0.9 Reaction temperature Tre 523.15 K

Space velocity S 3,600 h−1

Heat transfer efficiency of heat exchanger 0.8 Gas flow in MSR temperature Tin 493.15 K
— — Condenser temperature Tco 338.15 K

FIGURE 2 | Molar flow and input energy under different reaction pressures; (A) molar flow; (B) Input powers; (C) cold energy consumption.
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reduction of gas mixture flowing into the condenser results in a
decline in the consumed cold energy.

The exergy destruction in the CDHM system is specified in
Table 3. It can be easily found that the exergy destruction in the
heater, heat exchanger hot end, and cold end decreases when the
reaction pressure increases from 5 to 8 MPa, while the exergy
destruction in other components all increases. As a result, the
total exergy destruction of the CDHM system increases from
12,983.05 to 14,845.05 W at the rate of 14.34%. Figure 3 shows
the distribution proportions of the exergy destruction for each
component in the CDHM system. It should be pointed out that
the MSR has the biggest exergy destruction compared with other
components. For example, it accounts for about 80.08% of the
total value at 5 MPa. The exergy destruction in the MSR is caused
by the chemical reaction process and irreversible heat exchange
between the reaction tubes and the liquid medium. Besides, the
exergy destruction proportions of the heater and the heat
exchanger hot end, which are 8.14 and 3.68%, respectively, are
the second and third biggest exergy destruction proportions in
the system. The exergy destruction of those two components is
mainly contributed by the irreversible heat transfer. The exergy

destruction proportions in other components are relatively small.
Because the increase rates of exergy destructions in the three
components as shown in Table 3 are all smaller than that of the
total system, the exergy destruction proportions of the three
components shown in Figure 3 all slightly decrease with the
increase of reaction pressure. Thus, the summation of exergy
destruction proportions of the three components decreases from
91.9 to 90.19%. Moreover, the total exergy destruction of the
CDHM system can be decreased significantly through reducing
the three biggest exergy destructions because their summation
accounts for the vast majority of the total exergy destruction,
which is conducive to the improvement of exergy efficiency for
the CDHM system.

The total input power, cold energy, and exergy destruction per
molar synthetic methanol are shown in Figure 4. Along with the
increase of the total input power, when more methanol is
produced, the total input power per molar synthetic methanol
Win/FMH increases by 1.03% from 77,916.685 to
78,716.314Wmol−1 with the reaction pressure changing from
5 to 8 MPa. This is because the increase rate of the total input
power is higher than that of methanol synthesis when the

TABLE 3 | Exergy destructions in the CDHM system under different reaction pressures.

Component Exergy destruction (W) R8MPa/5MPa

5 MPa 6 MPa 7 MPa 8 MPa

H2 compressor Ėxd,HC 315.5616 345.8571 372.7169 396.8295 25.75%
CO2 compressor Ėxd,CC 105.5915 115.7439 124.7461 132.8284 25.79%
Mixer Ėxd,M 316.1998 329.4949 340.92 350.8863 10.97%
Heat exchanger cold end Ėxd,HEC 117.2806 115.0453 113.1611 111.4721 −4.95%
Heater Ėxd,H 1,057.183 1,053.753 1,049.947 1,046.228 −1.04%
MSR Ėxd,RE 10,397.28 10,963.77 11,448.35 11,870.26 14.17%
Heat exchanger hot end Ėxd,HEH 478.0983 476.3025 474.4196 472.6401 −1.14%
Condenser Ėxd,CO 109.3751 207.8131 295.9998 375.7633 243.55%
Circulating pump Ėxd,P 86.48049 86.56166 87.26486 88.18487 1.97%
Total system 12,983.05 13,694.35 14,307.52 14,845.09 14.34%

FIGURE 3 | Distribution proportion of exergy destruction for each component under different reaction pressures, (A) 5 MPa, (B) 6 MPa, (C) 7 MPa, (D) 8 MPa.
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pressure increases. Meanwhile, the total consumed cold energy
per molar synthetic methanol _Q/FMH decreases almost linearly by
7.88% from 119,991.28 to 110,534.32 Wmol−1 with the increase
of reaction pressure, meaning that the increase rate of the total
cold energy consumed is lower than that of methanol synthesis.
The total exergy destruction per mole synthetic methanol Ėxd/
FMH increases linearly by 0.92% from 216,391.6 to
218,376.2 Wmol−1 when the reaction pressure increases from
5 to 8 MPa. As the total input energy and exergy destruction per
molar synthetic methanol are larger with the increase of reaction
pressure, it is shown that the increased input power is mainly
converted into exergy destruction. Thus, it leads to a decrease in
the exergy efficiency from 71.91 to 71.85% when the reaction
pressure increases from 5 to 8 MPa. In order to obtain high exergy
efficiency, a relatively low reaction pressure should be set within
the reasonable range.

Exergy Performance Under Different
Reaction Temperatures
As shown in Figure 5A, the flow of eliminated hydrogen FH
increases from 0.16332 to 0.1953 mol s−1 when the reaction
temperature rises from 483.15 to 543.15 K. Meanwhile, both
the eliminated carbon dioxide flow FC and the synthetic
methanol flow FMH rise from 0.05444 to 0.0651 mol s−1.
Besides, FH, FC, and FMH see the same increase rate of 19.58%,

while the flow of circulating gas FP drops from 0.4833 to
0.4620 mol s−1 when the reaction temperature increases from
483.15 to 543.15 K. The increases of FMH, FH, and FC can be
explained by the increasing reaction temperature, which
accelerates the methanol synthesis rate and causes the increase
in the amount of eliminated reactants. Besides, the increase of
methanol synthesis rate leads to the decrease in the flow of gas
mixture flowing out of the MSR, which contributes to the
decrease of FP. The input power under different reaction
temperatures, as shown in Figure 5B, grows with the increase
of reaction temperature. Specifically, the input power of hydrogen
compressor Win,HC increases obviously from 1774.49 to
2,121.85 W when the reaction temperature increases from
483.15 to 543.15 K, the input power of carbon dioxide
compressor Win,CC goes up slightly from 591.50 to 707.28 W,
while the increase of input power for the heater and circulating
pump, that is,Win,H andWin,P, is less noticeable. The main reason
lies in the increase in the input power of hydrogen and carbon
dioxide compressors with larger eliminated hydrogen and carbon
dioxide flows. Thus, the total input power increases by 11.99%
from 4,399.69 to 4,927.31 W. As shown in Figure 5C, the cold
energy consumed in the condenser sees a slight slip from 4,866.87
to 4,659.01 W when the reaction temperature increases from
483.15 to 543.15 K, while the cold energy consumed in the
MSR increases from 2,160.12 to 2,702.02W. Consequently,
there is a 4.75% increase in total cold energy consumption

TABLE 4 | Exergy destructions in the CDHM system under different reaction temperatures.

Components Exergy destruction (W) R543.15K/483.15K

483.15 K 503.15 K 523.15 K 543.15 K

H2 compressor Ėxd,HC 286.3267 299.5787 315.5616 342.375 19.57%
CO2 compressor Ėxd,CC 95.80911 100.2434 105.5915 114.5637 19.57%
Mixer Ėxd,M 280.9961 296.2245 316.1998 350.7881 24.83%
Heat exchanger cold end Ėxd,HEC 118.3238 117.7206 117.2806 117.0108 −1.11%
Heater Ėxd,H 1,047.168 1,051.423 1,057.183 1,065.307 1.73%
MSR Ėxd,RE 9,443.857 9,876.889 10,397.28 11,260.79 19.24%
Heat exchanger hot end Ėxd,HEH 485.938 482.6982 478.0983 472.5034 −2.76%
Condenser Ėxd,CO 15.33578 56.94179 109.3751 197.1614 118.56%
Circulating pump Ėxd,P 81.32716 83.72189 86.48049 90.83631 11.69%
Total system 11,855.08 12,365.44 12,983.05 14,011.34 18.19%

FIGURE 4 | Input power, cold energy, and exergy destruction per molar synthetic methanol and exergy efficiency under different reaction pressures.
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from 7,026.99 to 7,361.04 W. Because higher reaction
temperature leads to the increases of methanol synthesis and
corresponding reaction heat release, the required cold energy to
dissipate the reaction heat in the MSR increases. Due to more gas
mixture flow through the cold end of the heat exchanger, more
heat transfers from the hot end to the cold end of the heat
exchanger; thus, less cold energy is required in the condenser for
cooling the gas mixture flowing in from the hot end of the heat
exchanger.

Exergy destruction of each component in the CDHM system
under different reaction temperatures is listed in Table 4. It can
be easily obtained that the three biggest components of exergy
destruction in the system are theMSR, heater, and heat exchanger
hot end, whose exergy destruction values are 9,443.857, 1,047.168,
and 485.938W at 483.15 K, respectively. Exergy destruction in
other components is relatively small. Besides, exergy destruction
in each component goes up with the increase of reaction
temperature with the exception of both the hot end and the

cold end of the heat exchanger, which results in the increase in the
total exergy destruction of the CDHM system from 11,855.08 to
14,011.34 W at the rate of 18.19%. As shown in Figure 6, it can be
obviously found that the three biggest exergy destruction
proportions also take place in the MSR, heater, and heat
exchanger hot end, just like that in Figure 3. Besides, the
exergy destruction proportion of the MSR increases from
79.66 to 80.37% when the reaction temperature rises from
483.15 to 543.15 K, while the exergy destruction proportions
of the heater and heat exchanger hot end decrease from 8.83
to 7.6% and from 4.1 to 3.37%, respectively. As a result, the
summation of exergy destruction proportions of the three
components decreases from 92.59 to 91.34%. Combining
Table 4 and Figure 6, it can be found that because the
increase rate of exergy destruction in the MSR, that is, 19.24%,
is bigger than that of the total system which is 18.19%, the exergy
destruction proportion of the MSR increases. Since the increase
rate of exergy destruction in the heater, that is, 1.73%, is smaller

FIGURE 5 | Molar flow and input energies under different reaction temperatures, (A) molar flow, (B) Input power, (C) cold energy consumption.

FIGURE 6 | Distribution proportion of exergy destruction for each components under different reaction temperatures, (A) 483.15K, (B) 503.15K, (C) 523.15K,
(D) 543.15K.
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than that of the total system, the exergy destruction proportion of
the heater decreases. The decrease of the exergy destruction
proportion of the heat exchanger hot end mainly results from
the decrease in its exergy destruction.

As shown in Figure 7, the total input power, cold energy
consumption, and exergy destruction per molar synthetic
methanol all decrease when the reaction temperature increases
from 483.15 to 543.15 K. Specifically, the total input power per
molar synthetic methanol Win/FMH drops by 6.36% from
80,827.331 to 75,689.231Wmol−1, the total cold energy
consumption per molar synthetic methanol _Q/FMH decreases
from 129,093.88 to 113,074.24 Wmol−1 with a drop of 12.4%,
and the total exergy destruction per molar synthetic methanol
Ėxd/FMH decreases from 217,788.57 to 215,230.5 Wmol−1 with a
decline of 1.17%. Though the synthetic methanol, total input
power, cold energy consumption, and exergy destruction all
increase when the reaction temperature goes up, the total
input power, cold energy consumption, and exergy destruction
per molar synthetic methanol all see a decrease, a consequence of
the higher increase rate in the methanol synthesis than that of the
total input power, cold energy consumption, and exergy
destruction. Exergy efficiency is boosted from 71.65 to 72.11%
when the reaction temperature increases from 483.15 to 543.15 K.
The results show that the energy cost of eliminated reactants goes
down with the increasing reaction temperature. Thus, it can be

suggested that the reaction temperature be adjusted as high as
possible within its reasonable range to obtain high energy
efficiency.

EXERGY PERFORMANCE UNDER
DIFFERENT REACTION SPACE
VELOCITIES
As shown in Figure 8A, when the space velocity rises from 2,800
to 4000 h−1, the flow of eliminated hydrogen FH increases from
0.1494 to 0.1949 mol s−1, and the flow of both eliminated carbon
dioxide FC and synthetic methanol FMH grows from 0.0497 to
0.0649 mol s−1 with the same rate of 30.58%. Meanwhile, the flow
of circulating gas FP rises from 0.3617 to 0.5283 mol s−1. The
increases of FH, FC, and FMH result from the higher rate of
methanol synthesis due to the increased space velocity. Besides,
since more gas mixture flows through the catalyst in the reaction
tube with the increased space velocity, there is more FP,
determined by the flow of unreacted gas mixture, flowing out
of the reaction tube. The input power is positively correlated with
the space velocity, as shown in Figure 8B. Specifically, the input
power consumed in the hydrogen compressor and the heater, that
is, Win,HC and Win,H, sees a substantial rise from 1,614.42 to
2,119.64 W and from 1,343.63 to 1897.34W, respectively. The

TABLE 5 | Exergy destruction in the CDHM system under different space velocities.

Components Exergy destruction (W) R4000h−1/2800h−1

2,800 h−1 3,200 h−1 3,600 h−1 4,000 h−1

H2 compressor Ėxd,HC 260.525 288.2283 315.5616 341.9977 31.27%
CO2 compressor Ėxd,CC 87.1746 96.44489 105.5915 114.4382 31.27%
Mixer Ėxd,M 262.9108 289.8534 316.1998 341.4552 29.87%
Heat exchanger cold end Ėxd,HEC 194.7274 156.763 117.2806 77.40679 −60.25%
Heater Ėxd,H 829.5026 942.694 1,057.183 1,169.912 41.04%
MSR Ėxd,RE 8,593.065 9,502.864 10,397.28 11,258.74 31.02%
Heat exchanger hot end Ėxd,HEH 335.8891 406.09 478.0983 550.1774 63.80%
Condenser Ėxd,CO 137.7523 125.5197 109.3751 90.10319 −34.59%
Circulating pump Ėxd,P 67.28934 76.58601 86.48049 96.84887 43.93%
Total system 10,768.84 11,885.04 12,983.05 14,041.08 30.38%

FIGURE 7 | Input power, cold energy, and exergy destruction per molar synthetic methanol and exergy efficiency under different reaction temperatures.
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input power in the carbon dioxide compressor and circulating pump,
namely, Win,CC and Win,P, sees a slight increase from 538.14 to
706.55W and from 276.37 to 397.75W, respectively. The increase
of input power in each component caused by more gas mixture
flowing through it results in the total input power increase from
3,772.57 to 5,121.29W with a rise of 35.75%. The cold energy
consumed in the MSR _Qre, as shown in Figure 8C, sees a
significant increase from 2047.3 to 2,635.68W when the reaction
space velocity rises from2,800 to 4000 h−1.Meanwhile, the cold energy
consumed in the condenser _Qco also increases remarkably from
3,641.41 to 5,322.89W. Thus, the total consumed cold energy in
the system increases by 39.9% from 5,688.72 to 7,958.57W. The
increase of _Qre results frommore released reaction heat caused by the
higher methanol synthesis rate. The increase of _Qco results frommore
gas mixture flowing into the condenser to be cooled.

Exergy destruction of each component in the CDHM system
at different space velocities is listed in Table 5. It clearly shows
that exergy destruction in each component increases with higher

space velocity with the exception of visible decrease in the heat
exchanger cold end and the condenser. Thus, the total exergy
destruction in the CDHM system increases by 30.38% from
10,768.84 to 14,041.08 W when the reaction space velocity
increases from 2,800 to 4000 h−1. Combining Figure 8A and
Table 5, it can be obtained that the increase of exergy destruction
in each component is mainly caused by the increased flow of the
gas mixture in it. As shown in Figure 9, the three biggest exergy
destruction proportions take place in the MSR, heater, and heat
exchanger hot end, respectively, and they are all positively
correlated with the space velocity. Specifically, the exergy
destruction proportion of the MSR increases from 79.8 to
80.18% when the reaction space velocity rises from 2,800 to
4000 h−1, and that of the heater and the heat exchanger hot end
increases from 7.7 to 8.33% and from 3.12 to 3.92%, respectively.
This can be explained by the higher increase rate of exergy
destruction in the MSR, heater, and heat exchanger hot end
than that of the total system. The increase of exergy destruction

FIGURE 8 | Molar flow and input energies under different space velocities, (A) molar flow, (B) Input power, (C) cold energy consumption.

FIGURE 9 | Distribution proportion of exergy destruction for each component under different space velocities, (A) 2800h−1, (B) 3200h−1, (C) 3600 h−1,
(D) 4000h−1.
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proportions of the three components causes a rise in their
summation from 90.62 to 92.43%.

As shown in Figure 10, both the total input power and the
cold energy per molar synthetic methanol increase linearly with
increased space velocity. Specifically, Win/FMH increases by
3.96% from 75,907.60 to 78,914.64 Wmol−1 when the space
velocity increases from 2,800 to 4000 h−1, _Q/FMH rises from
114,462.4 to 122,635 Wmol−1 at the rate of 7.14%, while the
exergy destruction per molar synthetic methanol Ėxd/FMH

declines gradually from 216,679 to 216,361.1 Wmol−1 with a
drop of 0.15%. As a result, the exergy efficiency decreases from
72.09 to 71.82%. These findings show that the increase in space
velocity can lead to more synthetic methanol, total input power,
cold energy consumption, and exergy destruction in the system.
Besides, it can be obtained that when the increase rate of
synthetic methanol gets lower than that of the total input
power and cold energy consumption, Win/FMH and _Q/FMH

increase; when it falls lower than that of the total exergy
destruction, Ėxd/FMH declines. Besides, the increased input
power is mainly converted into heat energy which is then
dissipated by the increased cold energy. Consequently, the
space velocity is advised to be set at a relatively low value to
obtain high exergy efficiency.

CONCLUSION

It is important for the system of carbon dioxide hydrogenation to
methanol (CDHM) in the habitable confined space (HCS) to
operate with high energy efficiency to reduce unnecessary
external energy input and internal energy loss. In this paper,
exergy analysis is adopted to present the energy utilization
quality for the purpose of exergy efficiency improvement. The
models of energy analysis and exergy analysis for each component
in the CDHM system are established. As the energy conversion
process in the CDHM system is dramatically influenced by three
reaction parameters: pressure, temperature, and space velocity, a
parametric study on exergetic performance for the CDHM system
is conducted to find the favorable working parameters that

consume low external energy per gas elimination under the
constraint of limited external energy input. The model’s
calculation process is conducted in MATLAB, in which the
three reaction parameters range from 5 to 8 MPa, from 483.15
to 543.15 K, and from 2,800 to 4000 h−1, respectively. Besides, the
length of the reaction tube element in the models is selected as
0.001 times the reaction tube length to reduce the uncertainty of the
model’s calculation results. Based on the calculation results, the
main conclusions are summarized as follows.

A rise in pressure will obtain the increases in the elimination of
hydrogen and carbon dioxide, total input power, cold energy
consumption, and exergy destruction by 13.3, 14.42, 4.33, and
14.34%, respectively; as a result, the total input power and exergy
destruction per molar synthetic methanol increase by 1.03 and 0.92%,
respectively, and the total cold energy consumption per molar
synthetic methanol declines by 7.88%, which eventually leads to a
reduction of the exergy efficiency by 0.06% from 71.91 to 71.85%. The
elimination of hydrogen and carbon dioxide, total input power, cold
energy consumption, and exergy destruction increase by 19.58, 11.99,
4.75, and 18.19%, respectively, when the reaction temperature goes up,
while the total input power, cold energy consumption, and exergy
destruction per molar synthetic methanol all obtain the decreases by
6.36, 12.4, and 1.17%, respectively, followed by the increase of the
exergy efficiency by 0.46% from 71.65 to 72.11%. Increased space
velocity will make elimination of hydrogen and carbon dioxide, total
input power, cold energy consumption, and exergy destruction
increase by 30.58, 35.75, 39.9, and 30.38%, respectively, which
results in 3.96 and 7.14% increase in the total input power and
cold energy consumption per molar synthetic methanol,
respectively, and 0.15% decrease in exergy destruction per molar
synthetic methanol; as a consequence, the exergy efficiency is
reduced by 0.27% from 72.09 to 71.82%. Relatively low pressure,
high temperature, and low space velocity constitute best conditions for
realizing high exergy efficiency. Besides, exergy efficiency also can be
significantly improved by reducing the three biggest exergy
destructions in the methanol synthesis reactor, heater, and heat
exchanger hot end because the summation of the three biggest
exergy destructions accounts for more than 90% of the total exergy
destruction in the CDHM system.

FIGURE 10 | Input power, cold energy, and exergy destruction per molar synthetic methanol and exergy efficiency under different space velocities.
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Carbon dioxide and hydrogen should be collected before being fed
into the CDHM system during the atmospheric balance control
process in the HCS, while their collection process is not considered
in the CDHM system process in this paper. In order to make the
energy consumption results more comprehensive, the energy
consumption in the collection processes of carbon dioxide and
hydrogen should be analyzed in the future work.
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