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a b s t r a c t

Solid-oxide electrolyzer (SOE) based power-to-methane (PtM) system can efficiently store

surplus renewable power into synthesis natural gas by electrolysis and methanation. The

system performance depends on the operating point of the electrolyzer and system design,

particularly the heat exchanger network. In this paper, we investigate a SOE based PtM

plant with a fixed-bed catalytic methanator and a membrane module for methane

upgrading. A top-down approach is first employed to derive optimal system designs step by

step from the system concept, to optimal conceptual designs with the trade-off between

system efficiency and methane yield, to design-point selection and heat exchanger

network design. Then, exergy evaluation with the exergy calculated into thermal e me-

chanical e non-reactive e reactive parts is applied to the derived four specific system

designs to understand how exergy dissipation and performance of the overall system and

each component vary from one to another. The results show that the system efficiency can

reach between 80 and 85% (HHV) or 75e80% (LHV) when operating SOE with an inlet

temperature of 700 �C and a utilization factor over 60%, above which electrical steam

generation can be avoided and the steam can be generated by the heat from methanation

reaction (around 80e85%) and anode outlet (15e18%). The system's exergy efficiency can

achieve around 75e80% with the input exergy mainly destructed within the SOE (25e35%),

methanator (25e35%) and heat exchangers (10e17%). However, exergy efficiencies of the

SOE and methanator are high, over 90%. Depending on the temperature level of the cold

stream and the temperature difference, heat exchangers generally have an exergy effi-

ciency of over 50e80%. The electrical steam generator can only achieve an efficiency of

around 20% and leads to a significant drop of system efficiency if employed; however, small

electrical heating to reach the desired SOE inlet temperature, although bad, is acceptable.

Therefore, one preliminary design guideline for such systems should be the avoidance of

electrical steam generation.
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Introduction

The share of renewable energy sources (RES) for the European

power-generation sector has already reached almost 30%, and

for some countries, such as Denmark, Latvia, Austria, Portugal

and Sweden, the RES share for power generation has been

over 50% [1]. In the heating and cooling sectors, however, only

about 20% comes from RES; and in the transport sector the 7%

mark was just exceeded in 2016 [3]. With this increased use of

variable renewable energy sources (VRES) in the past decade

[2], the share of RES in European gross final energy con-

sumption has been expected as 27% in 2030 [3].

To enable higher RES penetration, a further development

of relevant infrastructure is the way forward for future energy

systems [1,4]. Many strategies and technologies are being

applied and developed, such as demand-side management,

balancing and reserving power sources, power-grid expan-

sion, cross-border interconnectivity, short-term storage (e.g.,

Pb-acid, molten-salt and Li-ion batteries) and long-term stor-

age (e.g., pumped hydro storage and compressed air energy

storage [5,6]) [7,8]. As a new integral and promising approach,

power-to-x (PtX) technologies have attracted more and more

attention [9], since they not only serve for demand-side

management and energy storage but also facilitate the sub-

stitution of fossil fuels in the sectors of building, industry and

transport. PtX technologies can convert surplus renewable

power to various energy forms or chemical substances, e.g.,

thermal energy (power-to-heat), liquids (power-to-liquid),

hydrogen or methane (power-to-gas (PtG)) or other chemicals

(power-to-chemicals), such as solvents, formic acid, alcohols

and waxes [10].

Power-to-methane (PtM), which converts renewable power

first into H2 (or syngas) through the electrolysis of water/

steam (or together with CO2) and then into synthesized nat-

ural gas (SNG) via methanation processes, is particularly

attractive, due to (1) the cheap and large-scale capacity of

methane storage offered by existing gas-grid infrastructure

[11e13], (2) the frequent use of natural gas at district and

household level for heating or co-generation, and (3) the

substitution of diesel and petrol in the transport sector by

natural-gas mobility with sufficient performance [10,14].

Although short-haul and public transport could be transferred

to electromobility in the mid-term, it is still limited by

insufficiently-dimensioned infrastructure and the lack of

mass production [9,15].

Power-to-methane based on low-temperature electrolysis

continues to be known for high capital costs and low round-

trip efficiencies [16,17]. Thanks to the emerging high-

temperature solid-oxide electrolyzer (SOE) with high elec-

trical efficiency, the PtM system efficiency is expected to be

largely increased at potentially lower costs [18], especially due

to plant-wise heat integration: the methanation heat can be

used to generate steam for the SOE. The first SOE-based PtM

demonstrator with such thermal integration [19,20] was ex-

pected to achieve an system efficiency of 76%, about 15e25

percentage points higher than that of the PtM plants based on

low-temperature electrolysis [16,21,22]. Similar concept has

been applied for biogas upgrading in Denmark [23] by injecting

H2 generated from the SOE to cleaned biogas (CH4 þ CO2) and
converting CO2 to CH4 in a subsequent catalytic methanator,

which generates part of the steam for the SOE. Also, for the

small-scale SOE based PtM plant to be demonstrated in

PENTAGON project [24] aiming at increasing the energy stor-

age capability at local district level, the coupling between the

SOE and the methanator will be achieved by an intermediate

heat-transfer fluid, thermal oil, which carries methanation

heat to the steam generator. Although all these demonstra-

tions have not put the SOE-methanator coupling into opera-

tion up to now, it has been recognized widely as the most

effective measure to improve the PtM performance.

The performance of SOE-based PtM can be improved by

varying operating points of the SOE and plant-wise heat inte-

gration [25,26]. To understand how the system performance is

improved from one design to another, component-based

exergy analysis can be employed, which identifies the sour-

ces and magnitudes of the thermodynamic inefficiencies

occurring with each component, highlights the components

with thehighest inefficiencies, andpinpoints thedirections for

system improvement [27]. Exergy analysis has been employed

to examine various thermal systems, e.g., thermal power

plants [28e31], vapor compression refrigeration systems [32],

drying processes and systems [33] and renewable energy sys-

tems [34,35]. However, there have been only limited applica-

tions to the SOE-based systems. For power-to-hydrogen, the

effects of operating variables on the system's exergetic effi-

ciencyhave been investigated inRefs. [36,37],which illustrated

contradictory trends: For a fixed plant layout, an increase in

current density above 800 �C resulted in an exergy-efficiency

decrease in Ref. [36] but an increase in Ref. [37]. Similar work

done in Ref. [38] for a given power-to-syngas system with SOE

operating at 800 �C and fixed flowrates of feedstock and air

concluded a maximum exergy efficiency of 60% achieved at a

feedstock conversion of 64%, which is significantly lower than

the state-of-the-art. For PtM, the optimal operating conditions

tomaximize exergy efficiencywere investigated in Ref. [22] for

a systemwith fixed system layout and CO2 removal to upgrade

methane; however, the concluded operating points with the

highest exergy efficiency may not be appropriate, since the

current densitywasvariedwithout adapting theH/C feed ratio,

or vice versa. In practice, these two variables should be

changed simultaneously to produce syngas with its composi-

tion suitable for methanation, (H2 e CO2)/(CO þ CO2) ¼ 3. The

major problems of these published work are:

� The analyzed system is with only one specific system

layout, which is not adapted to maximize the benefit of

varying design variables.

� The exergy of a stream is split only to physical and

chemical exergy, which may result in inappropriate defi-

nition of exergy efficiency of a component.

� Component-based analysis is not detailed discussed to

focus on how input exergy is destructed along energy

conversion and transfer inside the system.

Therefore, the two major innovations of this paper are

summarized:

� System designs with the optimal design variables and their

corresponding system layouts derived from a top-down
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approach. Optimal design points with the trade-off be-

tween system efficiency and methane yield are realized

with specific heat exchanger networks derived from heat

cascade utilization.

� In-depth component-based exergy evaluation by splitting

exergy flows into thermal e mechanical e nonreactive e

reactive parts and with an accurate definition of exergy

efficiency at the component level.

The paper is organized as following: In Description and

technology specification of the SOE-based power-to-

methane plan, system designs are provided step by step from

the system concept (Concept of the small-scale power-to-

methane demonstration), to trade-off conceptual designs and

design-point selection (Optimal conceptual design for design-

point selection), to specific system designs and layouts with

heat exchanger networks (Heat exchanger network of the

selected conceptual designs). In Exergy analysis, exergy

analysis including exergy calculation exergy balance at both

component and system levels is first introduced in Exergy

analysis methodology and then implemented to the pro-

posed systems in Implementation. Then, in Results and

discussion, the overall system performance, the exergy-

dissipation distribution and the exergy efficiency of each

component are comparatively discussed. Finally, the conclu-

sion is drawn in Conclusions.
Description and technology specification of the
SOE-based power-to-methane plant

The SOE-based PtM system under demonstration of EU H2020

project PENTAGON [24] is targeting energy storage capability

at local district level to enhance the flexibility of local grid

operation with high penetration of renewable energies. Prac-

tical system efficiency of the plant is expected to be at around

70e75% (higher heating value, HHV)with a cathode-supported

SOE stack (64 plate cells � 80 cm2).

Concept of the small-scale power-to-methane demonstration

The schematic of the considered SOE-based PtM system is

given in Fig. 1, without specific heat exchanger networks

(HEN), auxiliary components and gas-recirculation devices

explicitly illustrated. The processed, demineralized water (1)

is vaporized and mixed with the re-circulated gas (6a) to

provide 10 vol% H2 for cathode (the H2 evolution electrode) to

avoid the re-oxidation of the Ni-YSZ electrode and support

[39e41]. The mixed feed (2) is further heated up to the desired

temperature (700 �C considered in this paper) either

completely by SOE outlets or partially by electrical heating,

depending on the SOE operating points. The fed steam (2a) is

partially split into H2, which is further cooled down in a flash

drum for water knock-out (1c). To remove the O2 generated at

the anode, sweep air (3) is usually fed to the SOE at the same

temperature as the steam feed, which can carry certain heat

into or out of the stack. In principle, the SOE can also operate

with pure oxygen production with a different design of the

anode-related subsystem: The air heater and blower at the
anode inlet are no longer needed; instead, an induced draft

fan will be equipped at the anode outlet.

For themethanation sub-process, the dry product from the

SOE (6b,6c) and pre-heated CO2 (7a) are first mixed with the

recirculated, cooled unreacted gas (11a) and then heated up to

around 220e240 �C (8a) before entering the fixed-bed catalytic

reactor, which is assumed to operate isothermally at 280 �C
(the optimal temperature range for various catalysts reported

in elsewhere, e.g. [19,20]). The methanation heat can be

effectively extracted by steam generation internally in the

reactor to keep the reactor temperature within a preferred

range. The steam produced can be further heated and sent to

the SOE. The gas mixture out of the reactor (9) is cooled down

with water knock-out (1f). Then, the dry gas mixture (10) en-

ters themembranemodule to obtain high-puritymethane (12,

over 96 vol%) for grid injection. The permeate unreacted gas of

the membrane (11) is then recycled back and mixed with

initial feeds to the methanation process. Note that for CO2

methanation reaction, the CO2 molar feed of the stream 7a is

specified around a quarter of themolar feed of H2 in stream 6c.

Given the situation that only small amount unreacted gases

are recycled via 11a, the H/C ratio of the stream 8 and 8a is

close to 8, which does not lead to the risk of carbon decom-

position at the catalyst surface.

This concept is particularly suitable for small-scale appli-

cations, due to the scalability of the membrane module for

CH4 upgrading. However, it can be adapted readily for large-

scale applications by employing other concepts of methana-

tion process, e.g., a series of methanation reactors. The sys-

tem is with a SOE stack of 64 cells with 80 cm2 active area.

Other system components are sized based on the operating

points of the SOE and the methanator.

Optimal conceptual design for design-point selection

To support the selection of design points, the system perfor-

mance is predicted with calibrated component models, opti-

mized and analyzed by a multi-objective optimization

platform with mathematically-formulated heat-cascade

calculation [25]. The key models involved are:

� The quasi-2D SOE model described in Ref. [25] and

employed in this paper considers electrochemistry, mass

and heat transfer, reaction kinetics and chemical equilib-

rium, and has been calibrated with the multiple test data

for both cell and stack. The model can accurately predict

the SOE performances under various operating conditions.

� The methanator performance is calculated by chemical

equilibrium under isothermal conditions, to be achieved in

practice. The methanator concepts with internal steam

generation at elevated pressure have been investigated in

Refs. [19,42] to achieve evenly-distributed temperature in

the reaction zone within the preferred range.

� The 1D membrane model described in Ref. [25] can work

with different options of flow directions, e.g., co-flow,

counter-flow or cross-flow. For separating CH4 from CH4/

H2/CO2 mixture, polyimide membrane [43] is used with the

permeability (barrier) at 30 �C: H2 28.1, N2 0.32, O2 2.13, CH4

0.25, CO2 10.7.
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Fig. 1 e Concept of the SOE-based PtM plant with the SOE operating under steam electrolysis mode (no explicit HEN and

components for start-up, hot stand-by and gas recirculation illustrated, adapted from Refs. [25,26]. The heaters in red may

be partially driven by electrical heating to heat up the anode/cathode feeds to the expected temperatures). (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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The system performance is optimized in terms of methane

yield and system efficiency, which is defined as:

hHHV ¼ _mCH4
HHV

�
_ETOT (1)

where the total power consumption _Etot is contributed by the

electrolyzer, electrical heaters, fans, compressors and pumps.
Fig. 2 e The Pareto front obtained with the SOE operating

under steam-electrolysis mode and an inlet temperature of

700 �C (recalculated based on [25]) with the selected

conceptual designs and specific designs with heat

exchanger network from Heat exchanger network of the

selected conceptual designs. Additional information on the

Pareto solutions is given in Fig. S1. For more

comprehensive understanding of the Pareto front, the

reader is referred to [25].
The optimization considers the following key operating pa-

rameters with practical bounds:

� For SOE, operating pressure (pSOE, 1.1e30 bar), steam utili-

zation factor (UF, 50e80%), steam flowrate ( _Fstm, 2.5e25

standard cubic centimeters per minute per cm2 (sccm/

cm2)), and sweep-air feed flowrate ( _Fair, 0e30 sccm/cm2).

With zero sweep-air feed, the SOE is operated with pure

oxygen production.

� For methanator, operating pressure pMETH (1.1e30 bar)

� For membrane, permeate pressure pPERM (0.5e15 bar)

The optimization is performed with an inlet temperature

of the stack 700 �C, a maximum temperature difference inside

the stack of 120 �C, methanation temperature of 290 �C, and a

gas-grid pressure of 85 bar. Although the gas-grid pressure

depends on the country and the type of methane distribution

network, it does not lead to big influence on the optimal so-

lutions identified.

The key outcome from the bi-objective optimization is a

Pareto front, which illustrates the trade-off between the two

selected objective functions, i.e., methane yield and system

efficiency (HHV). Each solution on a Pareto front, namely

Pareto-optimal solution, represents the solution achieving

the maximum methane production for a given system effi-

ciency. The Pareto solutions identified are with different

operating points of the components and plant-wise heat

integration. If a system is not optimally designed, the

methane yield is always lower than the Pareto solution with

the same system efficiency. Therefore, practical, feasible

region of system design is on and below the Pareto front. It

https://doi.org/10.1016/j.ijhydene.2018.11.151
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has been found in Ref. [25] that, for a given SOE hardware,

pursuing higher system efficiency reduces the maximum

methane production, as shown in Fig. 2. If methane yield is

expected to be increased, the current density and steam feed

need to be enlarged as shown in Figure S 1: (1) The increase in

current density leads to an increased voltage (overpotential),

which decreases electrolysis (electrical) efficiency and thus

system efficiency, since electrolysis power dominates the

total power. (2) The increase in steam feed reduces steam

utilization factor, thus worsening the plant-wise heat inte-

gration, since the bottleneck of heat utilization is water

vaporization.

Four Pareto-optimal conceptual designs with different

system performances are selected for further designs (Fig. 2).

The four designs are chosen approximately evenly distributed

on the Pareto front with different operating current density. It

should be noted that, when selecting the design points, the

effect of the current density on performance degradation of

the electrolyzer is not considered, since many conditions of

the identified Pareto solutions, particularly at high the current

density, have not been tested yet in any experiment. There-

fore, the study presented here can also link the experimental

designs with the identified operating conditions to test the

corresponding stack durability.

The features of the four conceptual designs are summa-

rized as follows and key operating variables are listed in Table

1:

� Conceptual design A: the highest efficiency, (close to) pure

oxygen production, elevated pressure

� Conceptual design B: (close to) pure oxygen production,

elevated pressure

� Conceptual design C: sweep air, atmospheric pressure

� Conceptual design D: large methane yield, sweep air, at-

mospheric pressure
Heat exchanger network of the selected conceptual designs

With the identified optimal operating points, HENs of each

conceptual design are then specifically designed based on the

heat cascade utilization and considering network complexity.

For the proposed system, special guidelines for the HEN

design are:
Table 1 e Technical specifications of the components of the se
system with SOE inlet temperature of 700 �C.

Key specifications with related stream number giv

p2a T5 _F1 _F2a _F3b Vcell

bar �C sccm/cm2 sccm/cm2 sccm/cm2 V

A 26.0 740 2.88 3.35 0.12a 1.30

B 9.70 809 5.25 6.10 0.26a 1.32

C 1.12 819 9.26 10.8 7.83 1.36

D 1.18 819 11.9 14.0 24.4 1.42

a The sweep-air flowrates for the design A and B are set as 0 when designin

designs. This is due to that the small sweep-air flowrates lead to very

exchanger network of the selected conceptual designs are with pure O
� Cathode outlet is used to heat cathode inlet. Due to the

smaller heat capacity of cathode outlet, the heat carried by

cathode outlet is usually not enough to heat cathode inlet

up to 700 �C, thus electrical heating may be needed.

� Anode outlet is used to heat anode inlet. Due to the higher

heat capacity of anode outlet caused by the increased ox-

ygen content, there is usually additional heat available

after heating the anode inlet up to 700 �C, which can be

used for steam generation.

� Steam can be generated by the methanator, anode outlet,

and electrical heating (if needed).

� For the methanator design, the inlet gas can be heated

inside the reactor, if properly designed.

With these considerations, the common, complete flow-

sheet for all the four conceptual designs is illustrated in Fig. 3,

where some components are only needed for certain designs.

Detailed flowsheets, key information of HEN and stream data

for each conceptual design are given in Figs S2eS5, Tables

S1eS8, respectively.
Exergy analysis

Exergy analysis methodology

Exergy analysis considers not only the quantity but also the

quality of energy flows, and is beneficial to understand the

spatial dissipation of exergy inside an energy system [44],

which helps to propose means of improving the system's
performance [45].

Exergy of material flows
The total exergy ETO of a material stream k includes physical

(EPH) and chemical (ECH) exergies. Physical exergy is defined as

the maximum theoretical useful work obtainable by bringing

the stream to the temperature (thermal effect) and pressure

(mechanical effect) of thermodynamic reference environment

by an ideal process without changing its chemical

composition:

EPH
k ¼ ETH

k þ EME
k ¼ Ek

�
T; p; x/ T0; p0; x

�
(2)

where H0;k and S0;k represent the enthalpy and entropy of the

stream k under the reference states (for this paper, T0 ¼ 25 �C
lected design points and key performance indicators of the

en in Fig. 1 Key performance indicators

Jcell p8a p11 UF _WSOE
_Wtot

_FCH4 ;12
yCH4 ;12

A/cm2 bar bar % kW kW NL/s %

0.34 26 4.7 80 2.3 2.3 0.050 96.2

0.61 10 3.8 78 4.1 4.2 0.090 96.5

0.86 6.0 1.9 62 6.0 6.3 0.126 96.4

0.98 7.9 4.8 55 7.1 7.5 0.144 96.4

g detailed HEN in Heat exchanger network of the selected conceptual

small air-air heat exchangers. The resulting designs A and B in Heat

2 production.

https://doi.org/10.1016/j.ijhydene.2018.11.151
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Fig. 3 e Heat exchanger network design for the selected four conceptual designs. The red-colored components are only used

for the indicated designs, e.g., ELSG only for the design D, ELSH only for the designs A and B. Stream 1Ba from SP1 flows to

PMSG and stream 1Bc comes from RMETH. AAHE: air-air heat exchanger; ASSG: air-side steam generator; ELSG: electrical

steam generator; FFHE: fuel-fuel heat exchanger; ELSH: electrical superheater; RMETH: methanator; MSG: main steam

generator included in RMETH; PMSG: water preheater of main steam generator. Complete flowsheets and additional

information are given in supporting information. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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and p0 ¼ 1 atm) with its original chemical composition x. The

thermal (ETH
k ) and mechanical (EME

k ) exergies are employed to

evaluate the processes of heat integration and compression/

expansion related to the considered stream k:

ETH
k ¼ EðT;p; x/T0;p; xÞ ¼

�
Hk �HT0 ;p;x;k

�� T0

�
Sk � ST0 ;p;x;k

�
(3)

EME
k ¼ E

�
T0;p; x/T0; p0; x

�
¼ �HT0 ;p;x;k �HT0 ;p0 ;x;k

�� T0

�
ST0 ;p;x;k � ST0 ;p0 ;x;k

�
(4)

The chemical exergy of a mixture is defined as the useful

work obtainable by converting the substances of the consid-

ered mixture k to the compositions of the thermodynamic

reference environment via ideal mixing and separation, and

chemical reactions, which are corresponding non-reactive

exergy (EN) and reactive exergy (ER). Such a splitting of

chemical exergy enables to consider the effects that are

related to the changes in composition (“excess exergy”), and

chemical reactions [46]. The reactive exergy is represented by

the standard chemical exergies of each chemical substance i

(eCHi ). The chemical exergy of a gas mixture is calculated based

on [47]:

ECH
k ¼ EN

k þ ER
k ¼ Ek

�
T0;p0; x/T0;p0; x0

�
¼ _n

 X
i

xie
�CH
i þ RT0

X
i

xi lnðxiÞ
!

(5)
EN
k ¼

X
i

xiEi

�
T0;p0; x/T0;p0; xi ¼ 1

� ¼ _n
XN

i
xiRT0 lnðxiÞ (6)

ER
k ¼

X
i

xiEi

�
T0; p0; xi ¼ 1/T0;p0; x0

� ¼ _n
XN

i
xie

�CH
i (7)

where x and _n stand for themolar fraction and flowrate, and R

is the ideal gas constant. The standard chemical exergies of

pure substances involved in the proposed system are taken

from [48]: CH4 (g) 832.00 kJ/mol, CO (g) 274.71 kJ/mol, CO2 (g)

19.48 kJ/mol, H2 (g) 236.09 kJ/mol, H2O (l) 0.90 kJ/mol, N2 (g)

0.72 kJ/mol and O2 (g) 3.97 kJ/mol.

It occurs frequently for a gas mixture with water that the

liquid fraction may vary when changing the mixture state to

p0 and T0. In such a case, the chemical exergy is calculated

based on gas- and liquid-phase composition (x ¼ xg þ xl) at p0
and T0 as follows [47]:

ECH
k ¼ _n

�X
i

xg
i e

�CH;g
i þ RT0

X
i

xg
i ln

�
xg
i

�þX
i

xl
ie

�CH;l
i

�
(8)

where eCH;gi and eCH;li are the standard chemical exergy of gas

and liquid phase of substance i.

Component-based exergy analysis

(1) Component level
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At the component level, the exergy balance of a component

j is defined as:

_EF;j ¼ _EP;j þ _ED;j þ _EC;j (9)

where exergy fuel (F) and product (P) of the component j are

determined following the methodology described in [49]. The

exergy product of a component represents the useful and

desired effect it delivers, whereas the exergy fuel represents

the amount of exergy consumed by the same component to

generate the product. Usually, it is considered that the dif-

ference between the exergy fuel and product of a component

is defined as exergy destruction ( _ED) of the component; how-

ever, to achieve the productive purpose, some additional ef-

fects, which may not be expected but are necessary due to

thermodynamics, may occur. For example, the purpose of a

gas compressor is to increase the mechanical exergy of the

gas, but gas compression leads to an increase in its outlet

temperature by consuming part of the power consumed.

These co-productive effects sometimes can be useful to the

downstream. We consider these additional effects in a sepa-

rate term, _EC (the co-product), which should be always larger

than 0 (otherwise, it is a part of the exergy fuel). Note that it is

not always necessary to distinguish the productive and co-

productive effects, since the difference may be minor.

For the productive exergy efficiency of a component as

mostly discussed in literature, there have been several defi-

nitions based on, e.g., inlet e outlet flows of total exergies, or

exergy fuel and product. The latter has been widely accepted:

ε
P
j ¼

_EP;j

_EF;j

¼ 1�
_ED;j þ _EC;j

_EF;j

(10)

Considering the co-productive effects caused by thermo-

dynamics, we can also define a thermodynamic exergy effi-

ciency, which assumes that the co-productive effects

occurring in one component are helpful for and the related

exergy _EC can be used by its connected downstream

components:

ε
T
j ¼

_EP;j þ _EC;j

_EF;j

¼ 1�
_ED;j

_EF;j

(11)

(2) System level

At the system level, exergy flows can leave a system as

losses without a productive purpose and linked to the inter-

action of the system with the thermodynamic reference

environment via material or heat/power flows:

_EF;SYS ¼ _EP;SYS þ _ED;SYS þ _EL;SYS ¼ _EP;SYS þ
X
j

_ED;j þ _EL;SYS (12)

The (productive) exergy efficiency of the system therefore

can be defined as:

εSYS ¼
_EP;SYS

_EF;SYS

¼ 1�
_ED;SYS þ _EL;SYS

_EF;SYS

(13)

The “thermodynamic” exergy efficiency for the system

level is notmeaningful, since utilizing the exergy lost from the
system, e.g., by waste heat recovery from the outlet gas

streams, is not part of the system and depends on the specific

technology.

Implementation

The exergy destruction of a component is independent from

the definitions of exergy fuel and product. However, exergy

efficiency relies on accurate and meaningful definitions of

exergy fuel and product. With the splitting of the exergy flow

into thermal e mechanical e non-reactive e reactive exergy

(TMNR system), the exergy fuel, product as well efficiency can

be accurately (or simply reasonably) defined, which some-

times can be achieved by using a physical e chemical exergy

(PC) system or an inlet e outlet (IO) system, especially for

electro-chemical devices and multi-purpose reactors. In the

following, we give the definitions of exergy fuel, product and

coproduct for each component based on TMNR, PC and IO

(inlet e outlet) systems.

For the TMNR and PC approaches, the definitions of

exergy fuel, product and co-product are listed in Tables 2

and 3, respectively. The formulations for the splitters, SP1

and SP6, are not listed, since the exergy efficiency is always

100% for this study. The formulations for the compressors,

CPH2, CPCO2 and CPPERM are also not listed, which are

similar to that of CPAIR. The major differences between the

two definition approaches come from the (electro-)chemi-

cal reactor (RMETH and SOE) and gas separation units

(MEM). With TMNR approach, the exergy fuel, product

and co-product of RMETH, SOE and MEM can be described

as:

� RMETH

o Exergy fuel: the chemical exergy of the reactant (H2/CO2)

o Exergy product: (1) the chemical exergy of newly-

generated methane and (2) the increment of thermal

exergy of water/steam

o Exergy co-product: the increment of physical exergy of

the reacting flow

� SOE (for exothermic operation)

o Exergy fuel: power consumed

o Exergy product: the chemical exergy of the newly-

generated hydrogen

o Exergy co-product: (1) the increment of total exergy of

sweep gas and (2) the increment of the exergy of cathode

flow excluding the chemical exergy of hydrogen

� MEM

o Exergy fuel: the decrement of mechanical exergy

o Exergy product: the increment of non-reactive exergy

The TMNR and PC splitting of the exergy of each streamhas

been shown in Tables S2,S4,S6 and S8 for design A, B, C, D,

respectively.

For the IO approach, the exergy efficiency of the considered

component j can be straightforward defined as

εIO;j ¼
PNout

k
_E
TO

kPNin
k

_E
TO

k

(14)
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Table 2 e Definitions of exergy fuel, product and co-product of each component based on TMNR exergy splittinga. Some zero terms are neglected in the table.

Comp. Fuel Product Co-product

CPH2Ob _WCPH2O _E
ME
1a � _E

ME
1

e

CPAIRb _WCPAIR _E
ME
3a � _E

ME
3 þ _E

TH
out;Nfinal

� _E
TH
in;Nfinal

PNstage�1

i

_E
TH
out;i � _E

TH
in;i

CPMETHb _WCPMETH _E
ME
12a � _E

ME
12

PNstage

i

_E
TH
out;i � _E

TH
in;i

AAHE _E
TH
4 � _E

TH
4a

_E
TH
3b � _E

TH
3a

e

ASSG _E
TH
4a � _E

TH
4b

_E
TH
1Ab � _E

TH
1Aa

e

PMSG _E
TH
9 � _E

TH
9a

_E
TH
1Bb � _E

TH
1Ba

e

FFHE _E
TH
5 � _E

TH
5a

_E
TH
2a � _E

TH
2

e

ELSG _WELSG _E
TH
1Cb � _E

TH
1Ca

e

ELSH _WELSH _E
TH
2b � _E

TH
2a

e

MX2 _E
TO
6A þ _E

TO
1b

_E
TO
2

e

MX8 _E
TO
7a þ _E

TO
6Ba þ _E

TO
11a

_E
TO
8

e

RMETH (inc. MSG) ð _ECH
8 � _E

R;CH4

8 Þ� ð _ECH
9 � _E

R;CH4

9 Þþ ð _EME
1Bb � _E

ME
1BcÞ ð _ER;CH4

9 � _E
R;CH4

8 Þþ ð _ETH
1Bc � _E

TH
1BbÞ ð _EPH

9 � _E
PH
8 Þ

SOEc _WSOE _E
R;H2

5 � _E
R;H2

2b ð _ETO
4 þ ð _ETO

5 � _E
R;H2

5 ÞÞ� ð _ETO
3b þ _E

TO
2b � _E

R;H2

2b Þ
MEMd

_E
ME
10 � ð _EME

11 þ _E
ME
12 Þ _E

N
11 þ _E

N
12 � _E

N
10

e

a The stream numbers given here are based on Fig. 3 but might be different from design A to D. For the specific designs, refer the stream numbers according to Figs. S2eS5.
b The TMNR definition of CPMETH is different from those of CPH2O and CPAIR (CPH2, CPCO2 and CPPERM), which are connected to subsequent heating processes. The increase in thermal exergy at the

outlet of the five pumps or compressors is expected, while for the grid injection, thermal exergy of the stream 12a is not expected. Note that, for compressors, this detailed splitting does not cause

large difference to the exergy efficiency.
c The definitions of the SOE depends on the operating point. For exothermic operation (the case for this paper), the thermal exergy increase between inlet and outlet is counted as co-product, while for

endothermic operation, the thermal exergy decrease between inlet and outlet will be counted as exergy fuel.
d The exergy product of the membrane, _E

N
11 þ _E

N
12 � _E

N
10. is almost equal to ð _ET

11 � _E
ME
11 Þþ ð _ET

12 � _E
ME
12 Þ� ð _ET

10 � _E
ME
10 Þ.
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Table 3 e Definitions of exergy fuel, product and co-product of pumps, compressors, RMETH, SOE and MEM based on PC
exergy splittinga. The definitions for the other components (heat exchangers and mixers) are the same to those given in
Table 2 by replacing thermal exergy with physical exergy.

Comp. Fuel Product Co-product

CPH2O _WCPH2O _E
PH
1a � _E

PH
1

e

CPAIR _WCPAIR _E
PH
3a � _E

PH
3

e

CPMETH _WCPMETH _E
PH
12a � _E

PH
12

e

RMETH (inc. MSG) _E
CH
8

_E
CH
9 þ ð _EPH

1Bc � _E
PH
1BbÞ ð _EPH

9 � _E
PH
8 Þ

SOEb _WSOE _E
CH
5 � _E

CH
2b ð _ETO

4 þ _E
PH
5 Þ� ð _ETO

3b þ _E
PH
2b Þ

MEM _E
PH
10 � ð _EPH

11 þ _E
PH
12 Þ _E

CH
11 þ _E

CH
12 � _E

CH
10

e

a The stream numbers given here are based on Fig. 3 but might be different from design A to D. For the specific designs, refer the stream

numbers according to Figs. S2eS5.
b The definitions of the SOE depends on the operating point. For exothermic operation (the case for this paper), the physical-exergy increase

between inlet and outlet is counted as co-product, while for endothermic operation, the physical-exergy decrease between inlet and outlet

will be counted as exergy fuel.

Table 5 e Key system performance indicators.

Design A B C D

p, bar 26 9.7 1.1 1.1

Tin;SOE,
�C 700 700 700 700

Tout;SOE, �C 746 700 821 821

Steam generation temp., �C 231 184 110 110

Cell voltage, V 1.30 1.32 1.36 1.42

Current density, A/cm2 0.34 0.61 0.86 0.98

UF, % 80 78 62 55
_WTOT, W 2362 4232 6255 8004

_WSOE, W 2286 4138 5985 7099

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 4 ( 2 0 1 9 ) 9 5 2 9e9 5 4 3 9537
Results and discussion

Following the flow diagram (Figs. S2eS5), stream data and

heat-exchanger information (Tables S1eS8) as well as the

definition of exergy fuel, product and co-product (Tables 2 and

3), the system performance and the key terms for exergy

evaluation at the component and overall-system levels of all

designs are given in Tables S9eS12 and discussed

comparatively.

Overall system performance

Heat source for steam generation
As shown in Table 4, if steam utilization of the SOE is over

around 60%, it is possible to generate all steam without elec-

trical heating but only by the heat available from the system

itself. For all conceptual designs selected, the anode outlet,

after preheating the cold sweep gas, can still provide enough

heat to generate around 15e18% of the total steam required.

Designs A, B and C do not need external electrical steam

generator, while design D has over 20% of total steam gener-

ated electrically.

Key indicators of system performance
Key indicators of system performances are shown in Table 5.

The major power consumption comes from the SOE with a

contribution over 95% for designs A, B and C. The system ef-

ficiencies of the designs A, B and C with HENs are similar to

those of the corresponding conceptual designs (Fig. 4a), for

which the required steam can be fully generated by the

methanator and anode outlet. Considering the current density
Table 4e Contribution (%) of each steamgenerator to total
steam requirement.

Designs A B C D

UF 80% 78% 62% 55%

MSG 85 83 82 60

ASSG 15 17 18 17

ELSG 0 0 0 23
preferred by the SOE industry for stack testing, the overall

system efficiency (HHV) of PtM can reach over 80% and even

85% with an SOE inlet temperature of 700 �C. However, for the

optimal conceptual design D with a low utilization factor of

only 55%, the available heat from methanator and anode

outlet becomes not sufficient to generate all steam, thus the

heat from compression above 100 �C is used for steam gen-

eration at around 1 bar, which is hardly practical. Therefore,

the heat from compression is replaced by electrical heating of

over 0.5 kW (Fig. 4b) for a practical HEN of design D, which

results in a significant efficiency decrease of 5 percentage

points. In addition, the designs A and B require slight electrical

heating to heat cathode inlet to 700 �C, due to less heat

available from cathode outlet caused by less heat capacity and

low operating voltage (overpotential).

The exergy efficiencies of all designs are close to their en-

ergy efficiency based on LHV, around 5% points smaller than

those of HHV. The exergy efficiency of the proposed PtM can
_WELSH, W 35.8 18.6 e e

_WELSG, W e e e 531.3

Synthesis natural gas, kg/h 0.1338 0.2380 0.3346 0.3815

Methane, kg/h 0.1306 0.2323 0.3264 0.3721

Energy stored (HHV)a, W 2013 3581 5033 5737

Energy stored (LHV)a, W 1858 3305 4647 5298

Energy efficiency (HHV), % 85.2 84.6 80.5 71.7

Energy efficiency (LHV), % 78.7 78.1 74.3 66.2

Exergy efficiency, % 79.4 78.9 75.0 66.9

a Only the energy stored bymethane with HHV 55.5 MJ/kg and LHV

50 MJ/kg.
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Fig. 4 e Comparison among the optimal conceptual designs (original designs) and the designs with heat exchanger network

(updated designs).
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reach between 75% and 80% (Tin;SOE ¼ 700�C), when the steam

utilization is over 60% (designs A, B and C). With a steam

utilization below 60%, the system's exergy efficiency can drop

significantly below 70%.

Distribution of exergy dissipation

Exergy dissipation by physical processes
The exergy dissipation (destruction and losses) is independent

from the definitions of exergy fuel and product. The exergy

destruction of each component is grouped based on their

physical processes, as shown in Table 6 and Fig. 5). When the

UF is over 60%, the exergy destruction variations from design

A to B and B to C are consistent with each other. The total

exergy destruction is mainly caused by electrochemical and

chemical reactions (both between 25 and 35%), followed by

heat transfer process (10e17%). The mixing, compression and

pumping processes contribute minorly, below 7%. Note that

the exergy destruction caused by the reactions also includes

the integrated heat transfer process, e.g., internal steam

generation for the methanator; therefore, the contribution of

heat transfer process should be higher than the number given

here. The exergy losses seemquite significant, between 10 and

25%, which offers the opportunity of combined heat and fuel

production.
Table 6 e Exergy dissipation caused by physical
processes for the four designs (W).

Design A B C D

UF 80% 78% 62% 55%

Heat transfera 57.57 101 271.3 869.2

Chemical reactionb 147.1 272 467 522

Electrochemical reactionb 127.0 269 548 724

Mixing 35.38 70.1 105.9 152.3

Compression & pumping 12.18 23.65 77.50 104.3

Loss 126.9 196.6 171.0 394.6

a Not including MSG.
b Including the heat transfer inside the components where the

processes occur.
For designs A, B and C with the UF over 60%, an increase in

current density (methane yield) leads to an increase in the

exergy-destruction contribution from the SOE, from 25% for

the design A to 30% for B and 33% for C. This is mainly due to

the increased overpotential, an indicator for the irreversibility

of electrochemical processes. The contribution of the chemi-

cal reaction keeps almost constant of 30%. The contribution of

heat transfer for designs A and B is similar, but an increase of 5

percentage points from design B to C is observed. The con-

tributions of exergy losses from design A to C are reduced

significantly from 25% to 10%.

Compared with designs A, B and C, the design D with low

steam utilization in SOE and large electrical steam generation

shows very different distribution. From the design C to D, the

significant increase in the contribution of heat transfer pro-

cesses, almost doubled from17% (C) to 31% (D), largely reduces

those of all other processes, 19% and 26% from chemical and

electrochemical reactions.

Exergy destruction by components
The exergy-destruction contribution from the SOE and RMETH

has been given above. The destruction of each heat exchanger

to the total heat-transfer exergy destruction (not including

MSG) is compared in Fig. 6a. For the designs A e C, major

exergy destructions come from PMSG (20e35%), ASSG

(25e50%) and AAHE (>30%, if exists). The share of FFHE re-

mains stable at around 13e20%. ELSH can contribute up to 20%

to the total heat-transfer exergy destruction. The design D

shows quite different picture: The ELSG solely contributes

50%, followed by AAHE (around 30%). Due to large contribu-

tion of ELSG, the shares of all other heat exchangers are

largely reduced, compared with those of designs A e C.

The exergy-destruction contribution (Fig. 6a) differs

significantly from the heat-load share (Fig. 6b): (1) The heat-

load shares of ASSG and PMSG are similar for designs A and

B. However, ASSG's exergy-destruction share of design B is

significantly higher than that of A and PMSG's contribution of

design B becomes lower than that of A. The former is mainly

caused by an increased heat-transfer temperature difference

(HTTD), due to an increased inlet temperature of the hot

sweep air (746 and 819 �C for A and B) and a reduced tem-

perature for steam generation (231 and 184 �C for A and B). The
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Fig. 5 e Contributionof eachprocess toexergydissipation (%).
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increased share of ASSG reduces PMSG's contribution,

although the HTTD of PMSG is also increased limitedly due to

the decrease in steam-generation temperature. (2) The

exergy-destruction ratio of FFHE follows that of the heat-load

share, since its HTTD of design B e D is similar to each other.

(3) Electrical heating is limited due to plant-wise heat inte-

gration, but its exergy destruction is significant, particularly

when electricity is used to generate steam at around 100 �C
(design D), which completely change the picture of design D.

Reducing electrical heating is crucial for improving the system

performance, and particularly, electrical steam generator

should be avoided.

Exergy losses and co-generation opportunity
The share of exergy losses is reduced slightly from design A to

C, from 25 to 10% of total exergy dissipation. The losses of

design C (197 W) is even lower than that of design B (171 W).

The losses are mainly contributed by the exhausts of FFHE,

AASG and PMSG, over 85%. As shown in Fig. 7, the losses may

be recovered mainly from the thermal exergy of FFHE and

AASG exhausts, which contribute about 35e40% and 25e30%
Fig. 6 e Contribution (%) of exergy destruction (a) and load (b) of h

(not including MSG).
to the total exergy losses. Particularly, for the design C, the

share of thermal exergy loss from the FFHE exhaust reaches

over 50%. Considering that the temperature levels of the

exhaust gases are all over 100 �C, even above 150 �C up to

200 �C for the design A and B, there is quite big opportunity of

utilizing the available thermal exergy for district heating. One

may mention that the thermal exergy from the FFHE exhaust

can also support certain steam generation; however, the

amount is limited due to the low heat capacity of hydrogen-

rich flow and it is not wise to introduce a small steam gener-

ator considering the system complexity. In addition, further

considering the chemical exergy of the O2 available in sweep-

gas exhaust, particularly of designs A and B, even a higher co-

generation opportunity is possible: around 45% from the FFHE

exhaust and over 40% from the AASG exhaust.

Exergy efficiency of each component

The exergy efficiency of each component calculated based on

different definition approaches has been shown in Tables

S9eS12 for all four designs, respectively.

Comparison between productive and thermodynamic
efficiencies
For the components used in the PtM system, the co-products

are mainly related to the compressor, chemical and electro-

chemical reactors. The evaluation of co-products for multi-

stage compressors is not performed, since it requires

detailed information of the outlet streams of each stage.

However, this does not affect the value of exergy efficiency

significantly, as the temperature of gas flows after compres-

sion is usually slightly above 100 �C considering a maximum

pressure ratio of 4 and the thermal exergy is limited. The co-

products for RMETH and SOE have been described in

Implementation.

It can be seen from Tables S9eS12 that, for all the four

designs, there is no big difference between the productive and

thermodynamic exergy efficiencies for both the TMNR and PC

approaches. The difference is slightly increased from the

design A (average 0.5 percentage point) to D (average 2
eat exchangers to the total number of heat transfer process
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Fig. 8 e Exergy efficiency of all components.

Fig. 7 e Share of thermal exergy losses from the exhausts

of heat exchangers (%).
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percentage points). Particularly, for the SOE of design D, the

difference reaches the highest, 3.5e4 percentage points. This

is mainly due to the increased feed flowrates of the reactant

and sweep air, which lead to much more heat carried out of

the SOE. Also, for design D, the increased oxygen product

further increases exergy co-product of SOE.

For the RMETH, the difference between productive and ther-

modynamic efficiencies remains stable below 1 percentage

point, since the inlet andoutlet temperatures of the gasmixtures

are similar among four designs and the flowrates are also pro-

portional to the inlet H2. In such a case, the thermal exergy car-

ried away by the gasmixtures remains limited, compared to the

converted by chemical reaction and transferred for steam

generation.

Comparison among three definition approaches of exergy
efficiency
The exergy efficiencies calculated based on the IO approach

are all quite high over 80%,mostly over 95%, except that of the

electrical steam generator, ELSG, of the design D due to the

low exergy content of its water inlet. Thus, there is a lack of

discrimination by using IO exergy efficiency to evaluate the

thermodynamic perfection of most components. The IO

approach should be avoided for component-based exergy

evaluation.

The discrimination of exergy efficiencies calculated by the

TMNR and PC are from SOE, MEM and RMETH. For SOE and

MEM, the two approaches are approximately equivalent with

a difference below 0.5 percentage point. For the SOE, the

TMNR definition shifts a small amount of exergy product from

that defined by PC. However, given the large exergy fuel, the

electricity consumption, the effect of the shift is very limited.

For the RMETH, the differences between the TMNR and PC

approaches are much larger and can reach even as high as 4.5

percentage points for the design D.With TMNR, the exergy fuel

can be accurately defined as the chemical exergies of H2 and

CO2, which is lower than that of the PC, the total chemical

exergy of the reactor inlet gas. For the PC approach, the chem-

ical exergiesnot related to theH2,CO2andCH4areaddedtoboth

the exergy fuel and product, which increases the efficiency

number. Given this comparison,weencourage touse theTMNR

approach to evaluate the system with chemical reactions

involved.
TMNR exergy efficiency of each component
Given the difference described in Comparison between

productive and thermodynamic efficiencies and

Comparison among three definition approaches of exergy

efficiency, we discuss below only the thermodynamic

exergy difference calculated by the TMNR approach, as

shown in Fig. 8. The exergy efficiencies of pumps (85e90%)

are higher than those of the compressors (60e80%), which

depends on the type of gas (mixture) compressed and the

isentropic efficiency. The mixers are with very high exergy

efficiency of over 95%, since the mixing processes involved

occur with similar incoming temperatures. The variation of

the efficiencies of heat exchangers is large, mostly between

50 and 80%. For the electrical heaters, the ELSG works with

the lowest efficiency of 20%, due to large irreversibility of

converting electricity to heat around 100 �C. The irrevers-

ibility is reduced by electricity-to-heat at over 600 �C with

an exergy efficiency of 70% for ELSH. For other heat ex-

changers, the exergy efficiency depends on two factors: the

temperature level of the cold stream and HTTD. The higher

the temperature level of the cold stream, the higher the

exergy efficiency will be [29]. This is mainly the reason of an

efficiency over 90% for FFHE The ASSG suffers from both

relatively low temperature level of the cold stream and high

HTTD, leading to an efficiency between 50 and 60%. The

PMSG has relatively small HTTD and achieves an efficiency

mostly above 65%. The membrane efficiency is below 20%,

indicating that using mechanical exergy to separate the

non-reactive chemical exergy is not a good choice although

membrane separation can be less energy-intensive than

other technologies. The RMETH's exergy efficiency is above

90% due to effective extraction of reaction heat via steam

generation and high conversion rate, which helps to

convert most of the reactive chemical exergy of H2 and CO2

to CH4 but not to the thermal exergy of the outlet gas. The

SOE's exergy efficiency is also high between 89 and 93%,

since the input electricity is mostly converted to the

chemical exergy but not heat, and the thermal exergy in-

crease from the SOE inlet to outlet is limited due to the

constraint of a maximum temperature difference of 120 �C.
In addition, the efficiency of SOE decreases from design A to

D, due to the increased overpotential (electricity converted

to heat).
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Conclusions

In this paper, we derived and evaluated four SOE-based PtM

plant designs with specific HENs via a top-down approach

considering step-by-step the system concept, optimal con-

ceptual designs, design-point selection and HEN design. The

heat sources for steam generation, the key to realize high

system efficiency of such PtM plants, are identified from the

HEN design. Then, the four system designs are evaluated with

exergy analysis and TMNR exergy system to identify the

exergy dissipation within the system and exergetic perfor-

mance of each component. The major conclusions include:

� The operating point of the SOE, particularly the steam

utilization factor, determines how the steam generation

will be supported by the heat available inside the system.

For the analyzed systems, when the steam utilization is

over 60%, all steam can be generated without electrical

heating with around 80e85% by methanation heat and

15e18% by the heat from anode outlet.

� The system efficiency with a SOE inlet temperature of

700 �C can reach as high as 80e85% (HHV) and 75e80%

(LHV), similar to the exergy efficiency. Introducing elec-

trical steam generation when the UF is over 60% will

significantly reduce the system efficiency below 70% (LHV).

� The overall exergy dissipation is mostly contributed by the

SOE (25e35%), RMETH (25e35%) and heat exchangers

(15e18%, not including MSG) and losses (10e25%). The

exergy destruction of the heat exchangersmainly occurs in

PMSG (20e35%), ASSG (25e50%) and AAHE (>30%, if used).

ELSG, if applied, will contributes significant amount of

exergy destruction.

� Exergy losses are mainly caused by the thermal exergy of

the cathode and anode exhausts, about 35e40% and

25e30%. The exhaust temperatures can be over 200 �C and

mostly over 100 �C, which offers the opportunity of co-

generation for space heating.

� The TMNR definition for exergy efficiency of each compo-

nent is more accurate for chemical reactors; however, PC

definition is already adequate for the PtM plants. The IO

approach should be avoided. The exergy efficiencies are

60e80% for compressors, 50e90% for heat exchangers, over

90% for RMETH and SOE. The ELSG and MEM have only an

efficiency around 20%.

� Considering the impact on the system efficiency, the pri-

mary design target for such systems should be no use of

electrical steam generation. Small amount of electrical

heating to heat SOE inlet to the desired temperature,

however, is acceptable.
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Nomenclatures
Abbreviations

AAHE air-air heat exchanger

AASG air-side steam generator

CP compressor & pump

ELSG electrical steam generator

ELSH electrical superheater

FD flash drum

FFHE fuel-fuel heat exchanger

HEN heat exchanger network

HHV higher heating value

HTTD heat-transfer temperature difference

LHV lower heating value

IO input-output

MEM membrane

MSG main steam generator

MX mixer

PC physical-chemical

PMSG preheater of main steam generator

PtG power-to-X

PtM power-to-methane

PtX power-to-gas

RES renewable energy source

RMETH methanation reactor

SNG synthesis natural gas

SP splitter

SOE solid-oxide electrolyzer

TMNR thermal e mechanical e non-reactive e reactive

UF utilization factor

VRES variable renewable energy sources

Mathematical symbols

e standard chemical exergy

E specific exergy
_E exergy flow
_F molar flow rate

H specific enthalpy

J current density

n molar flowrate

R gas constant

T temperature

p pressure

S specific entropy

V voltage
_W power

x molar composition

y molar composition

ε exergy efficiency

h energy efficiency

Subscripts
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C co-product

D destruction

f

F fuel

stm steam

METH methanator or methanation

P product

PERM permeate flow

SYS system

Superscripts

i, j, k index

CH chemical

l liquid

g gas

ME mechanical

N non-reactive

P productive

PH physical

R reactive

T thermodynamic

TH thermal

TO total
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