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ABSTRACT: Advanced efficient energy conversion technology using clean alternative fuel
contributes to the alleviation of the energy crisis and environmental deterioration. In this situation, a

novel methanol utilization technology for power generation based on hybrid fuel cell system,
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consisting of a solid oxide fuel cell (SOFC), a gas processing unit (GP) and a proton exchange
membrane fuel cell (PEMFC) is proposed in this work. Thermodynamic analysis of the system
shows that the energy conversion efficiency and exergy efficiency are both higher than the
previously reported standalone or hybrid energy systems using methanol as fuel, which are 68.6%
and 60.8% respectively. Besides, no recirculation ratio of anode off-gas and moderate fuel utilization
of about 0.5 are suggested for the SOFC component to balance the power distribution and improve
the efficiency. Afterwards, this hybrid fuel cell system is also investigated from thermo-economic
and techno-economic perspectives. Take Northwest China as a case, the 1 MWe methanol-fed power
plant has a specific electric energy cost of 0.5594 CNY/kWh, much lower than the methanol steam
reforming-PEMFC power plant (2.4 CNY/kWh). At the same time, the sensitivity analyses reveal
that the cost of the hybrid power system is not sensitive to the market price fluctuation. With
financial subsidies for existing renewable power plants, the payback period can be shortened to 1.4
year and the annual return on investment is about 3.58%. These results reveal that this two-stage fuel
cell hybrid system is a kind of efficient and economical methanol to power conversion technology,
especially for small power scale.
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Nomenclature

Abbreviation
CFPP coal fired power plant
CNY China Yuan

DMFC direct methanol fuel cell
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YSZ yttria stabilization zirconia

Symbols

A area, m?

C cost, USD/CNY

Cp specific heat capacity, J kg™ Kt

Cq reaction rate constant for hydrogen desorption, s
Deff effective diffusion coefficient, m s

E,. activation energy, J mol*

E, reversible voltage, V

F Faraday constant, C mol*

f factor, %

H atomic ratio of hydrogen to metal

M

I current, A

J current density, A m

Jo exchange current density, A m

K reaction equilibrium constant

k frequency factor of catalyst, kmol kg st bar*
Lpt amount of catalyst Pt load, mg cm™

| thickness, mm

m,, H; flow velocity, mol s

Neyte number of cycles

P power, KW

p pressure, bar

r reaction rate, mol s

Rg universal gas constant, J K** mol™
T temperature, K
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t time, h

Vv voltage, V

W volume, m®

X reaction fraction

Greek

5o, oxygen percent in the fuel
é mass or molar flow, kg/s or mol/s
n energy efficiency

y compression ratio

p density, kg/m3

X price of methanol fuel

H fuel utilization

AH reaction enthalpy, kJ mol*

1 cycle life, year

Oy hydrogen capacity, wt%
& porosity

0 tortuosity

a partial pressure order
Subscript

a anode

act activation

AUX auxiliary

C cathode

Capi capital

Cata catalyst

comp compressor

conc concentration
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cool coolant

Depr depreciation
e electrolyte
emp empty

€q equilibrium
Gross gross

h high-temperature
hot hot fluid

in inlet

ISC isentropic
Ins insurance
Int interest

INV inverter

I low-temperature

max maximum

Main maintenance

MEC mechanical

Net net

ohm ohmic

oper operation

PEM proton exchange membrane
reac reactor

ref reference

sat saturated

WGS-cata catalyst of water gas shift reaction

WGS-reac water gas shift reactor

1. Introduction
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The overuse of traditional fossil fuels causes severe global issues, such as energy crisis,
greenhouse gas emission and environmental pollution [1,2]. However, the fast pace of human
development requires a large demand in energy, especially the electricity power which is mostly
generated from the coal fired power plant in China. Therefore, clean alternative fuels for power
generation are urgently needed, which can contribute to the sustainable development of human
society and ecological environment [3,4]. Methanol is viewed as an important alternative fuel even
the optimal secondary energy in the opinion of the Nobel Laureates Dr. George A. Olah [5], because
it is a green and clean energy with high energy density. It is well known that methanol can be derived
from plant cellulose via distillation and coal-to-methanol, strongly indicating the abundant source. In
2016, the global production capacity of methanol reached 129 million metric tons per year, among
which China contributed more than 60%. Moreover, the production technology of methanol is very
mature and the generation cost is lower than those of gasoline and diesel fuels. For the liquid
methanol (room temperature) used for practical applications, it is also easy to store and transport to
the terminal by pipeline and liquid tank. In such context, the methanol as a fuel has been attracting
more and more attention for power generation. Especially in China, the production capacity of
methanol is estimated to be 100 million metric tons in 2020 due to the encouraged development of
methanol vehicles [6]. Therefore, it is of great significance and value to promote the development of
methanol energy and methanol economy to realize high efficiency power generation using methanol
on a large scale.

In the 1920s, Germany first used the methanol as a fuel. The earliest application of methanol as

a fuel is the substitute fuel of gasoline for vehicles. Actually, Chinese government initiated a pilot

7 /55



project employing the methanol vehicles in the regions of Shanghai city, Shaanxi, Shanxi, Guizhou,
and Gansu provinces in 2014 and all the pilot methanol vehicles were examined in the result of
reaching the acceptance level in 2017. Therefore, a mass of efforts have been attempted on the
methanol vehicles technology all over the world. Wu et al. [7] studied the lean-burn limits of engine
using gasoline or methanol as a fuel by experiment. It was found that the methanol fueled engine has
better lean burn performance than the traditional gasoline engine. The thermal efficiency can reach
as high as 24.7%. Moreover, the emissions of hydrocarbon, carbon monoxide and nitrogen oxides are
reduced in the methanol engine compared with the gasoline engine. Gong et al. [8] further employed
the hydrogen enriched methanol for the lean-burn. When the hydrogen ratios was 3% and 6%, the
COVimep (Coefficient of variation in indicated mean effective pressure)) can be decreased by 21.5%
and 36.8%, respectively. Additionally, hydrogen addition helps to further decrease HC and CO
emissions at low engine speed. Nidhi and Subramanian [9] introduced the oxygen enriched air
strategy into the methanol engine. It was found that the highly oxygen enriched air (60.4%) led to
very low emissions of HC, CO, and NOy and the significant increase of thermal efficiency by 20.5%.
Although the methanol engine technology for power generation has achieved remarkable progress on
improving the efficiency and lowering the emissions, the thermal efficiency of this kind of methanol
utilization technology is still low. Recently, the highest thermal efficiency of the engine fueled by
methanol with a high compression ratio of 16 and exhaust gas recirculation to improve the efficiency
was reported to be as high as 43%~45% [10,11], which is no more than 50%. Therefore, the
advanced high-efficiency methanol utilization technology is an urgent need to promote large scale

application of the methanol energy.
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The fuel cell (FC) can directly convert the chemical energy of the fuel into electric energy by
electrochemical reaction without being restricted by the Carnot cycle, so it has the merits of high
efficiency, no noise pollution and less emission. From the view of saving energy and protecting
environment, fuel cell is the most promising power generation technology [12-15]. The FCs with
different electrolytes can be mainly classified as solid oxide fuel cell (SOFC), proton exchange
membrane fuel cell (PEMFC), alkaline fuel cell (AFC), phosphoric acid fuel cell (PAFC), and
molten carbonate fuel cell (MCFC) [16]. In all types of FCs, PEMFC using pure hydrogen fuel is the
most commercial fuel cell due to its moderate operating temperature, superior dynamics, and mature
fabrication technology [17]. Herdem et al. [18] employed the methanol reformate gas as the fuel of
high-temperature PEMFC. It was found that the maximum efficiency of this system with the power
output of 350 W is about 35% at the temperature as high as 180 C. Baak et al. [19] further
evaluated the techno-economic performance of the combination system of methanol steam reforming
and PEMFC (MSR-PEMFC) as energy storage system. The levelized cost of storage was
preliminarily estimated to be about 0.34 USD/KWh without considering the variable operational
costs, which is much higher than the cost 0.24~0.25 USD/kWh for the transcritical or supercritical
CO: gas turbine. Besides hydrogen fuel, this kind of fuel cell also can run with methanol, which is
called as direct methanol fuel cell (DMFC). However, the energy conversion efficiency as well as
power density are not high for the DMFC, because the electrochemical activity of methanol is much
lower than the hydrogen electrochemical activity. Jiang et al. [20] employed the ordered electrode
(order-structured catalyst layer) instead of agglomerate electrode for the DMFC. The peak power

density was found to be increased by 46.6% owing to the lowered polarization losses. Hu et al. [21]
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introduced non-uniform cross-sectional serpentine channel into DMFC to facilitate methanol
transportation. A significant increase of 18.4% in the power generation was achieved in experiment.
However, how to increase the efficiency and avoid the crossover of methanol through proton
exchange membrane from the anode to the cathode are still crucial issues to promote the large-scale
application of DMFC.

In addition to DMFC, SOFC generally operates at higher temperatures, which makes reforming
and shift reactions can be occurred, increasing the fuel flexibility of SOFC [22,23]. Laosiripojana et
al. [24] first explored the possible use of methane, methanol, and ethanol fuels in a internal
reforming SOFC (DIR-SOFC) over Ni/YSZ catalysts. It was found that the methane and methanol
can be used as the direct fuel for the DIR-SOFC at high temperatures while ethanol does not work.
Liu et al. [25] further developed direct methanol liquid fueled SOFC and conducted the long-term
test. The maximum power density was found to be 698 mW/cm? at 650 °C, which is higher than the
value (467 mW/cm?) of ammonia fuel but lower than that (870 mW/cm?) of hydrogen fuel. Besides,
the methanol-fueled SOFC without notable degradation presented high stable performance, because
of no anode coking during long cycles. Strazza et al. [26] evaluated the environmental impact of
methanol-fueled SOFC as an auxiliary power system of commercial vessels based on life cycle
assessment. The result revealed that this kind of SOFC had extremely lower environmental impact
compared with the conventional auxiliary power system (i.e. diesel engine). However, the electrical
efficiency of methanol-fed SOFC is not high, which was reported to be about 50% in a maximum
[27,28]. In fact, SOFC off-gas still has a certain amount of thermal and underutilized chemical

energy which is directly discharged. This is also why the energy conversion efficiency of standalone
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SOFC is relatively low. In order to enhance the SOFC performance, the unconsumed fuels with
waste heat can be recycled by combining with other energy systems to form hybrid power system.
Recently, more and more attention has been focusing on the hybrid power system. Chen et al. [29]
developed a novel hybrid power system (MSR-PEMFC-mCCHP) consisting of the
geothermal-assisted methanol reforming, PEMFC and micro-CCHP. Through the thermodynamic
and economic assessment, a high energy efficiency of 66.3% was achieved with the levelized cost of
energy of 0.0422 USD/kWh. Cocco and Tola [30] integrated externally reformed SOFC and micro
gas turbine (mGT) for small power scale of 200~500 kW. The methanol-fed SOFC-mGT has a
maximum energy efficiency of about 67.8% at the SOFC temperature of 900 °C, which is slightly
higher than the above-mentioned MSR-PEMFC-mCCHP hybrid system. The improvement of hybrid
power system efficiency is mainly due to the recovery of waste heat. In addition to power generation,
SOFC also plays a role of fuel reformer, which can generate hydrogen via reforming reaction. The
produced H> delivered into the PEMFC could further improve the efficiency due to additional power
generation after the sequential Hx production and purification processes. Compared to the
SOFC-mGT system, the SOFC-PEMFC hybrid system may be more efficient and cleaner for power
generation, because the FC usually has higher efficiency and lower emissions due to electrochemical
reaction than the GT. Therefore, it is of great significance to explore a new mode of efficient, clean
and low-cost utilization of methanol based on hybrid fuel cell power generation technology [31].

In this research work, a novel FC hybrid system fueled by methanol consisting of SOFC, GP
unit for H> production and purification, and PEMFC, was proposed. Then, thermodynamic,

thermo-economic, and techno-economic (3T) modeling of the hybrid power system was applied to
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assess the energy conversion performance and economic feasibility of this novel system for practical
application as power plant. In addition, the economic analysis is based on the relevant policies and
methanol price in Northwest China. The research results are conducive to the promotion and
development of novel hybrid fuel cell system for efficient conversion and utilization of methanol.

2. System description

The proposed coupling high and low temperature fuel cell hybrid system using methanol as fuel
is designed and illustrated in Fig. 1, which is composed of three subsystems: SOFC, GP, and
PEMFC. The SOFC and PEMFC subsystems are mainly responsible for electricity production. The
role of GP is aiming at H. production and purification by WGS and TSA units, thus serves as a
bridge between SOFC and PEMFC. Herein, we name the proposed hybrid power system as

SOFC-GP-PEMFC. The working principle can be summarized briefly as follows.
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Fig. 1. Operation flowsheet of the SOFC-GP-PEMFC hybrid energy conversion system using

methanol as fuel for power generation.
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Liquid methanol is preheated and converted into methanol gas by HEX1 with the heat provided
by SOFC anode exhaust (path line 21). Similarly, the air is first pumped by blower and then
preheated in sequence by the waste heat from the SOFC anode and cathode through HEX2 and
HEX7 (path line 2 and 23). Inside the SOFC component, the preheated methanol first goes through
the direct internal reforming reaction and then reacts with O, from the preheated air in
electrochemical reaction for power generation. Concomitantly, the heat carried by SOFC off-gas is
recovered to preheat the imported methanol and air. Besides the waste heat exhausting from the
SOFC, a part of unconsumed syngas fuel (CO and H) is included in the anode off-gas. For the sake
of increasing the concentration of hydrogen in the imported fuel of PEMFC, a high-low temperature
two-stage WGS unit is employed. Herein, the high temperature WGS contributes to fast H»
conversion rate while the low temperature WGS ascertains large H. conversion ratio due to the
exothermic reaction for WGS. It is exactly because of exothermic reaction that the WGS waste heat
could be recycled for the follow-up TSA process for Hz purification as heat source by HEX3, HEX4,
and HEX5 through path line 34, 35, and 37. Accordingly, pure H2 with certain temperature is
released from the MH bed of TSA reactor, which enters the PEMFC as anode fuel through path line
12 and 13. It should be noted that the hydrogen remaining in the exhaust gas discharged from
PEMFC is recycled to improve the electrochemical conversion efficiency of fuel. For PEMFC
cathode inlet oxidant, the air is also preheated by the waste heat supplied by cathode off gas for two
reasons. On the one hand, the temperature of tail gas exhausting to the environment through path line

18 can be lowered. On the other hand, the waste heat recovery is conducive to increase the thermal
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efficiency of the hybrid system. The electrochemical reaction between hydrogen and oxygen occurs

within the PEMFC for additional power generation.

3. System modeling

Some basic assumptions are employed to simplify the modeling of the hybrid power system,

which are listed follows.

1)

2)

3)

4)

5)

6)

7)

8)

9)

All the gases in this work behave as ideal gases.

The reactors are well insulated, indicating heat loss is not taken in to account.

Pressure drop of fluid flowing in the pipeline is neglected.

No carbon deposition is considered within the SOFC [32].

In the thermal-economic model, the material deterioration of SOFC due to high temperature
is negligible.

The SOFC electrochemical and methanol reforming reactions occur in chemical equilibrium
state [33]. Besides, the WGS reaction rate can be obtained at a constant temperature [34].

For the thermodynamic modeling of SOFC, the direct internal reforming reaction and
electrochemical reaction are modeled separately.

Carbon monoxide contained in reformed gas inside the SOFC is assumed to preferentially
converted into H, by WGS reaction rather than electrochemical reaction with O due to the
presence of water.

In an ideal situation, the relative humidity of the PEMFC is 100% [35].

10) The cost of auxiliary equipment of the SOFC including combustor, mixer and by-pass valves

accounts for 10% of the SOFC stack cost [36,37].
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3.1. Thermodynamic modeling

3.1.1. SOFC subsystem modeling

Due to the high operating temperature, SOFC can be used as a reformer to convert methanol to
CO, CO2 and H2 in the presence of steam. In the direct internal reforming process, the three high
level reactions are considered, including methanol steam reforming (MSR), methanol decomposition
reaction (MD), and the WGS reaction. Generally, the three reactions are the rate determining steps of
methanol steam reforming process. The corresponding reaction formulas can be written as the
following Egs. (1-3), respectively [38,39]. The optimum steam-to-methanol (S/C) ratio of the MSR
was reported to be in the range of 1.3~2.0 [40,41]. Herein, the fixed S/C ratio of 1.4 is employed for

the MSR in this work.

MSR: CH,OH+H,0—>CO,+3H, AH =49.37kJ/mol 1)
MD: CH,OH—CO+2H, AH =90.47kJ/mol @)
WGS: CO+H,0—CO,+H, AH =-41.10kJ/mol 3)

The gas composition of the product of the methanol reforming process mainly depends on the
equilibrium constant of chemical reaction K, which is determined by reaction temperature T.
According to the basic thermochemical data [42], the functional relationship between K and T can be
described by the following equations for the MSR, MD, and WGS reactions.

Pco, - pn?—’i
Kyep = ——2—1 =f (T
M pCHSOH “Phjo ( ) (4)

=exp(—3.5042x10™" - T* +1.2775x107" - T* -1.8492x10™* - T? + 0.1347-T — 24.7364)

Peo - p|24
Ky, =—=% =f(T
" pCHaoH ( ) (5)

=exp(—9.7199x10™ - T* +3.2762x107" - T* - 4.3445x10™* - T? + 0.2847 - T — 63.2854)
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Peo, = P
Kyes = —2—= =f (T
es pco'szo ( ) (6)
=exp(5.47301x107 -T* - 2.57479x10°° - T® +4.63742x107° -T? -0.03915-T +13.2097 )

The electrochemical model of SOFC, which describes the relationship (the polarization curve)

between cell voltage and current density, can be expressed as below.

VSOFC = EN _Vact _Vohm -V (7)

conc

where E, is the reversible voltages of the SOFC, which can be calculated as follows [22].

R, -T :
Ey sorc =1.253-2.4516x107.T — ZF -In{ Zp“zo } (8)
' sz : po2

where R, is the gas constant; F is the Faraday constant; p, , po,,and p,, stand for the partial
pressure of Hz, Oz, and water vapor, respectively.

During the operation of the fuel cell, different types of overvoltage losses will be occurred,
including activation overvoltage Vac, concentration overvoltage Vconc and ohmic overvoltage Vonm.
The activation overvoltage is mainly caused by the necessary activation of charge transfer for
electrodes, which can be calculated by the Butler-Volmer equation. The SOFC activation
overvoltage for the SOFC can be written as follows. Herein, Vacta and Vactc represent the activation
overvoltage of anode and cathode, respectively [43].

Ve =V +V,

act,a act,c

2 2

R,-T R, -T

S L™ P S IOV AL B S (B Y 9)
F 2J,, 2J,, F 2J,, 2J,,

where J,, and J,. are the corresponding exchange current density of anode and cathode, which

are closed associated with the electrode microstructure and the operating conditions.

Eact,a
Joo =1.3448x10° (p_j(p_je .
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p 025  Eage
Joe =2.051x109.(&J o R .

pref
where E.. and E.. are the activation energy of anode and cathode.

In fuel cell, ionic charge is much more difficult to transfer than electrons, and the resistance to
charge transfer results in a loss of the fuel cell voltage, also known as the ohm loss. The SOFC

ohmic overvoltage can be expressed as below [32].

10300

V, =299x10™.J e ' 12
ohm e

The concentration overvoltage appears mainly because of the rapid fuel consumption at large

current density. The concentration overvoltage for the SOFC can be expressed as below [35].

Vconc :VCOI"IC,B +VCOI'\C,C
R, Tl,-J
1+

_R T n 2F D" - py o JRT n Po, (13)

2F R _T _Ia_J 4F Ry T ‘Ic'J‘(SOz

1_2|:QT pc _ pc _ p .e 4F.D;“ff.pC

. . 0,
2 Pu, &, | o,
off & DH “H,0 ° DH K . . . . .
where, D} :Eﬁ for the effective diffusion coefficient of anode and
HZ-HZO+ H, k

&
Do . -D ~ Do, x _ _
D =£. 2t 0k for the cathode; Jp, equalsto — S ; & is the electrode porosity;
¢ DOZ-NZ +D02,k D +£- D
c éf 0, .k

6 is the electrode tortuosity; D, ,,, stands for the binary diffusion coefficient of Hz and H-0O, and

Do, forOzand Nz; D, , and D, , are Knudsen diffusion coefficient of Hz and O, respectively.

I, and |, stand for the anode and cathode thickness, respectively.
For the auxiliary devices such as compressor, the power consumption (Pcomp) and the discharge

temperature (Tout) can be obtained by Eq. (14) and (15) [44].

e 1
Tout :Tin +Tin }/Cp -1 — (14)

Thsc *Mmvec
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R

Pcomp =¢'Cp'Tin [7/'39 _]} 1 (15)

Mhsc “Mvec

where ¢ is the gas molar flow; C is the specific heat capacity; y is the compression ratio; 7.
and 7, Stand for the isentropic and mechanical efficiency, respectively.

For the heat exchanger, the energy equation can be expressed as below.

otC ot (T =T1) = oo Crcon (Ty = T1) (16)
where ¢, and ¢, are the molar flow of hot and cool fluid, respectively.
3.1.2. GP subsystem modeling

In the GP subsystem, the role of high-low temperature WGS reaction is to produce Hx while the
TSA unit based on MH is for Hz purification. The WGS reaction and the corresponding equilibrium
constant are expressed in Egs. (3) and (6). Besides, the reaction rate of the WGS can be calculated in
Eq. (17).

Eact
R,T

9

r=—k-exp(-

) ( Pco )aco ( Pu,0 )aHZO (17)

where k is the frequency factor of catalyst; «, and «,, are the partial pressure order for

reactant CO and H2O, respectively.

The working principle of TSA unit for Hz purification is that the adsorption capacity of
hydrogen on the adsorbent (such as MmNissAlo.4) can be changed with the change of temperature, so
that hydrogen can be adsorbed and desorbed when the temperature is changed, thereby achieving the
purpose of hydrogen separation. The specific hydrogen purification reaction is illustrated as Eq. (18)
[45].

MmNi, Al , +3H, <> MmNi, Al ,H, AH =-30.1kJ/mol H, (18)
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The corresponding reaction dynamics of the MH for H» desorption is shown in Eq. (19) [46],

among which the equilibrium pressure is the function of temperature as expressed below [47]. Cs is

the reaction rate constant for desorption. p,,,., and p.., are density of the saturated and empty

MH, respectively.

. Eac Py — Pe
mH2 = Cd . exp(— R _It_) ( 2 s J'(PMH,Sat _pMH,emp) (19)
g eq
H AH 1 1
=f(—). —MH - &
peq (|\/| ) eXp|: Rg (T Tref ]:l (20)

Ho 2 HY
f(—)= a, | —
o z[ (5] }
= 0.0075+15.2935- (1) ~34.577- (1 )2 +39.9926. (1) - 26.7998- ()" +11.0307. (\1)e
M M M M M

—2.8416- (i)6 +0.446- (i)7 —-0.0391- (i)8 +0.0014- (i)9 for absorption
M M M M

Ho 2 HY
f(—)= a, | —
¢ z{ n [M”
= 1.465+19.190- (1) 42,086 (‘)2 + 49.087-(1)° ~33.819- ()" ~14.437. (1 y°
M M M M M

_3.858. (e (Hy (e (o i
3.858 (M) +0.627 (M) 0.0567 (M) +0.0021 (M) for desorption
3.1.3. PEMFC subsystem modeling

Similar to the SOFC, the electrochemical model of the PEMFC can be expressed also in Eq. (7).

Herein, the reversible voltage E,, activation overvoltage Vi, concentration overvoltage Veone, and

ohmic overvoltage Vonm are written in the following equations [48].

R,-T
Eyypey =1.229-0.85x10°" (T ~298.15)+ —_ -In( Py, - Po, ) (21)
V.., =0.948 (0.00286+0.0002In A+ 4.3x10°-In — —)-T
1.09x10°-eT
. ) (22)
~7.6x10°-T-In 2 +1.93x10*-T-In|
5.08x10°-e T
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2
181.6-{1+ 0.03-J + 0.062-(Tj -J 2-5}

303 I,
Voo = |- T -Z+O.OOOS (23)
(w—0.634—3-J-e T j
J
Ve =—B-In(1— ] J (24)
where A is the active cell area; | is the electric current; frequency factor of catalyst; ¥ is

adjustment parameter for humidity, herein w =14 for the ideal humidity of 100%; I, is the
electrolyte thickness; B and Jmax are the coefficient and the maximum current density, herein
B=0.016 and Jnax=1.5 Alcm?,

The FC output power Prc can be obtained by Eq.(25), among which 7y 1S the conversion
efficiency of DC to AC.

Fee =tocinc /A Van (25)

The gross and net electrical efficiency of the hybrid fuel cell power generation system can be

defined as follows.

PSOFC + I:)PEM

n TV (26)
¢ ¢fuel ’ I‘HVfueI
Poorc + Poeyy — P
nNet _ _SOFC PEM AUX (27)
¢fuel : I‘HVfueI

The main parameters involved in the thermodynamic model of the proposed two-stage fuel cell

hybrid system are shown in Table 1 [46,49-51].

Table 1. The meanings and values of the main parameters involved in the thermodynamic model.

Parameter Value
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SOFC operating temperature, Tsorc ('C)

WGS operating temperature, Twas ('C)
TSA/PEMFC operating temperature, Trem (C)
Operating pressure of the system, p (bar)
SOFC electrode porosity, €

SOFC electrode tortuosity, &

SOFC anode thickness, I, (mm)

SOFC cathode thickness, |, (mm)

Electrolyte thickness, I, (mm)
SOFC current density Jsorc, (A/m?)

Activation energy of SOFC anode E,.sorc , (kJ/mol)
Activation energy of SOFC cathode E. . sorc , (kd/mol)
Activation energy of HT-WGS  E, s, (kd/mol)
Activation energy of LT-WGS E_;es, (kJ/mol)

Activation energy of TSA E s, (kJ/mol)

Rate constant for desorption C,, (s)

Frequency factor of catalyst of HT-WGS kur, (kmol/kg/s/bar)
Frequency factor of catalyst of LT-WGS k., (kmol/kg/s/bar)

Partial pressure order for reactant CO of HT-WGS “conr

Partial pressure order for reactant CO of LT-WGS “%corr

Partial pressure order for reactant H>O of HT-WGS  %n 0t

Partial pressure order for reactant H2O of LT-WGS  %n,0.1

PEMFC current density Jeem, (A/m?)

DC/AC conversion efficiency, #pciac
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700~900
160~380
60~90
1.013
0.48

5.4

1

20x107®

8x10°3
6910

100

120

80.39

78.29

23.88

9.57

108
390

0.58

-0.14

0.04

0.62

2500
0.96



Isentropic efficiency of compressor, #7isc 0.80

Mechanical efficiency of compressor, #mvec 0.90

3.2. Thermo-economic modeling

This work employs a comprehensive thermo-economic index to assess the thermo-economic
performance of proposed hybrid power generation system, which is the specific electric energy cost
(SEEC) as expressed by Eq. (28) [52]. The total annual cost of the hybrid FC system includes six
different annual fees, which are annual depreciation Cpepr, Operation Coper, maintenance Chwain,
investment interest Cint, insurance Cins and tax Crax. Herein, the annual depreciation cost is the
average allocation of all the component capital investment costs on the basis of life cycle
A =20 year, as expressed in Eq. (29). Table 2 shows the capital cost estimation models of different

components and the key parameters involved in the models.

SEEC = Coepr + Coper + Cutain + Cint +Cos +Cr "
(Poorc + Prem) “toper / 4
~ Cei Coorc +Cuiss + Crsa + Coem + Coomp + Criex
CDepr - 2 = ) (29)

Table 2. Capital cost estimation models of different components and the key parameters

involved in the models

Capital

Capital cost equation Value Refs
cost

Csorc CSOFC = CStack +CAUX + Cle [36’53]
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Crem

Cwes

Comp

Chex

Crsa

Stack cost: Cggc = A (2.96 - Tgore —1907)

P 0.70
Inverter cost: Cy =10° -(%}

Auxiliary devices cost: C, =0.1-Cg,,

CPEM = CStack + CAUX + CINV

0.70
C — 105 . PPEM
INV 500

2
CAux =C +C,- PPEM -G PPEM

CWGS = CWGS—reac + CWGS—cata

Reactor cost: Cucsreac = Crer * B [ W

Catalyst cost: Ciyes.can =Weaa * Coua

p=a+a,-f, b,

B, =d, +d, -log(p) +d, -log(p) +d, - log(p)° +d, - log(p)*

Reactor volume: Wy,gs =Wegor “Weata

factor

Catalyst volume: Wey, =
Cata X=0

Comp = 91562 (P, 1445)""

comp comp

A_EX 0.78
Cpo, =130 —HEX
HEX (0.093

CTSA = CMH +C

reac

—105. (118)
Cocx =1 |:[b2 11(?5 4 +1437.3-L,, .CPIJ.M-’—

WWG S

ref

-r

1000

T

4

b1=1.1;
b3=1311.3;
0 =6%l/year
€1=3343.5 USD;
€2=39.942 USD/KW;
€3=0.0454 USD/KW?;
Load amount of Pt:
Le=0.6 mg/cm?;

Price of Pt. Cp=0.0122
USD/mg

b,=811.77;

[54,55]

a1=1.62; a=1.47; B, =1
do=0.5146; d;=0.6838;
d»=0.297; ds=0.0235;
ds=0.002; y=0.59
Reference volume:

W, =0.104 m®;
Reference cost:
C,. =5774 USD;
Volume

W, =117

factor
Catalyst price:

Ccaa= 100000 USD/m?
Catalyst density:

Pexa = 1200 kg/m®

[55-57]

factor:

[58]

[59]

H> capacity:
oy =1.39 Wt%); [60,61]

MH price:
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3600, -ty 7 =36.91 USD/Kg;
ot

oycle MH cycle life:

MH cost: Cyyy =

MH ncycle

Reactor cost™: Cp... =Wsg * P36 - Caser Ny =18180;

Each cycle time:
=3.333 h;

tcycle

316L density:

Pae =7980 kg/m3;
316L price:

C,,,. =3.287 USD/kg

a: The MH reactor is composed of stainless steel 316L

The annual operation fee Coper, depreciation fee Cpep, maintenance fee Cwain, investment interest

Cint, insurance Cins and tax Crax are calculated by Egs. (30-35), respectively.

oper

Coper = Pruer " Xruel — (30)
Cor, = Cﬁ (31)
Coain = Czapi * Fytain (32)
C, = leapi o (33)
C,, = C;ap‘ -, (34)
C,, = CZHP‘ f (35)

where t,, =8000 h/year [37] is the operation time; ¢, and x. are the molar flow and price of

the methanol fuel, respectively. Herein, the current methanol price x4 =0.254%/kg (Jan. 9th,
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2020) of Northwest China is employed. f,, =006, f =0049, f =02, and f.  =0.06

respectively stand for the corresponding factor.

4. Results and discussion

4.1. Model verification

The comparison between experiment and simulation on the component level instead of the
system level is conducted for model validation, because no relevant experimental about this novel
coupled high and low temperature fuel cell system for power generation is available in the existing
literature. In the proposed hybrid system, the SOFC and PEMFC are the two main components and
the electrochemical models are relative complex. Therefore, the model validation focuses on the
SOFC and PEMFC components.

Fig. 2 displays the comparison between experimental data and simulation result of the
voltage-current curves at different operating conditions. As shown in Fig. 2, the voltage-current
curve predicted by SOFC model is in good agreement with the experimental result [62] of
methanol-fed SOFC at different operating temperatures of 650~800 C. Besides, the good agreement
between the simulation results using the proposed model and the experimental data [63] in different
operating pressures of 1~5 bar is also observed in the hydrogen-fed PEMFC, as shown in Fig. 2b.
The good agreements for both SOFC and PEMFC components well validate the established

thermodynamic model of the SOFC-PEMFC hybrid system.
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Fig. 2. The validation between experimental and simulation data for SOFC and PEMFC (a) SOFC at
different operating temperatures of 650~800 °C; (b) PEMFC in different operating pressures of 1~5

bar.

4.2. Thermodynamic evaluation of the hybrid system

As mentioned above, the fuel of PEMFC comes from the unconsumed fuel of SOFC off-gas in
the SOFC-GP-PEMFC system. In other words, the power generation by the downstream PEMFC
relies mainly on the degree of fuel consumption of the upstream SOFC. Generally, the parameters of
recirculation ratio of SOFC anode off-gas and fuel utilization ratio are adopted to adjust the degree of
fuel consumption for the SOFC. Therefore, this work first studied the impact of these two parameters
on the energy conversion performance of this two-stage fuel cell system. Fig. 3a shows the
component output power and energy efficiency of the hybrid system under different recirculation
ratios. Herein, the operating conditions of this hybrid power system are set as Tsorc=800 C,
Trr-wes=350 C, Tir-wes=190 C, Trsa=Tpem=80 C, ¢, =2.30 mol/s and x=0.8. It can be seen
that the gross efficiency of the whole system slightly increases when the recirculation ratio is
increasing. On the contrary, both the overall and net electrical efficiency decrease. There are two
main reasons for the reduced energy conversion efficiency at the higher recirculation ratio of SOFC

anode off-gas. On the one hand, the higher recirculation ratio means more fresh fuel for the SOFC,
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resulting in the increased SOFC power output. The SOFC power increases from 851 to 1013 kW,
when the recirculation ratio is increased from 0 to 0.8, while the output power of downstream
PEMFC is remarkably decreased from 187 to 45 kW. This is because more fuel consumed inside the
SOFC subsystem resulting in the reduction of the fuel flow imported to PEMFC. Although the total
output power of the system is slightly increased, the net power output is reduced with the increase of
recirculation ratio. That is because the power consumption of auxiliary devices (compressor 1 and
compressor 2) is also increased at the high recirculation ratio. Especially for the compressor 1, the
required power is significantly increased due to more air supply for more fuel consumption in
electrochemical reaction inside the SOFC. From Eq. (15), the power consumption of the compressor
increases linearly with the increase of the inlet gas flow. It was found that the auxiliary power
consumption is increased from 141 to 204 kW with the recirculation ratio increasing from 0 to 0.8.
Therefore, the reduced net power causes the lower net electrical efficiency for the hybrid power
system at a higher recirculation ratio. On the other hand, the less H> production suggests the smaller
reaction heat is required for the MH-based TSA to supply H for the PEMFC. Accordingly, the
thermal efficiency is smaller due to the less waste heat recovery, resulting in the lower overall
efficiency at the higher recirculation ratio. Herein, it is worth noting that the power distribution
between SOFC and PEMFC also becomes more imbalanced at the higher recirculation ratio, which is
nearly 96:4 at the recirculation ratio of 0.8 as shown in Fig. 3b. Therefore, in consideration of
efficiency improvement and power balance, no SOFC anode off-gas recirculation is recommended

for the two-stage hybrid FC power generation system.
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Fig. 3. The effect of recirculation ratio of SOFC anode off-gas on the performance of the hybrid

system (a) Power and efficiency; (b) Power distribution and Hz production.

The effect of SOFC fuel utilization ratio x on the performance of the hybrid power system with

no recirculation ratio for the SOFC anode is shown in Fig. 4. Clearly, the variation trend of the

power output and energy efficiency caused by SOFC fuel utilization ratio is almost the same as the

case of above-mentioned recirculation ratio. The difference is that the fuel utilization ratio has a

larger impact than the recirculation ratio. For example, the SOFC power varies from 106 to 957 kW

at different fuel utilization ratios, while the variation range of SOFC power with different

recirculation ratios is 851~1013 kW. By adjusting the SOFC fuel utilization, the power output of the

PEMFC varies significantly from 90 up to 850 kW. Accordingly, the power distribution between

SOFC and PEMFC can be reasonably controlled through fuel utilization ratio, which can vary from

11% to 91% for the SOFC power ratio. As the fuel utilization ratio of SOFC is set about 0.5, the

power distribution becomes balanceable as shown in Fig. 4b. In such case, the gross and net

electrical efficiency of the whole system are 68.0% and 61.6%, respectively.
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Fig. 4. The effect of SOFC fuel utilization ratio on hybrid system performance (a) Power and
efficiency; (b) Power distribution and Hz production.

Besides the SOFC fuel utilization ratio and recirculation ratio, the operating temperature is
another key parameter that affects SOFC performance. As the operating temperature of SOFC rises
from 700 to 900 C, the SOFC output power is accordingly increased from 415 to 588 kW as shown
in Fig. 5a. This is mainly because of the smaller polarization overvoltage at the higher temperature,
which leads to the higher cell voltage and increased power output for the SOFC under the same
current density. In contrast to the SOFC, the PEMFC and auxiliary power slightly reduce. The main
reason is that the amount of H. composition in the anode off-gas changes a little at high operating
temperatures, which varies in a very small range of 3.44~3.45 mol/s. In fact, the gas composition of
the SOFC anode exhaust is primarily determined by the WGS equilibrium, as the MD and MSR
reactions taking place within the SOFC are close to completion [38]. Since WGS reaction is a
reversible exothermic reaction, it will move in the opposite direction with the increase of
temperature, resulting in a decrease in hydrogen production, which also makes the PEMFC power
slightly reduce at the elevated SOFC operating temperature. However, due to a large increase in

SOFC output power, the total net output power of whole system increases as the improvement of
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SOFC temperature. Accordingly, the gross and net electrical efficiency of the hybrid power system
increase from approximately 60% to 72% and from about 52% to 66%, respectively. Although the
high SOFC operating temperature helps to increase the energy conversion efficiency and thus
decrease slightly the SEEC of the hybrid FC power generation system. However, this improvement
of energy efficiency is at the expense of increasing the SOFC component cost as shown in Fig. 5b.
Since the SOFC is a high-temperature component, its capital cost depends to some extent on the
operating temperature according to the SOFC capital cost model listed in Table 2. When the
temperature increases from 700 to 900 °C, the capital cost of SOFC component is greatly increased
from 1.3 to 2.0 million CNY. Besides, the SOFC cost ratio in the hybrid system is increased up to
approximately 19% accordingly. Therefore, the moderate operating temperature of about 800 C is

employed for the SOFC in the following analysis.
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Fig. 5. The effect of SOFC operating temperature on the performance of the hybrid power system (a)
Thermodynamics; (b) Thermo-economics.

In order to increase the hydrogen flow into the PEMFC, the WGS reaction is coupled to convert

the CO from the SOFC off-gas into H.. Generally, the H> production mainly depends on the

operating temperature of WGS, which determines the reaction equilibrium constant. Fig. 6 displays
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the impacts of HT- and LT-WGS operating temperatures on the thermodynamic and
thermo-economic performance of the whole system. Herein, the HT-WGS temperature varies from
320 to 380 C, while the range of 160~220 °C is for the LT-WGS. The role of the HT-WGS is to
speed up the H> conversion rate. Actually the high temperature has little influence on the amount of
H> production due to the exothermic reaction of WGS. As a result, the power generation by PEMFC
remains almost unchanged at different HT-WGS temperatures. By contrast, the temperature of
LT-WGS has a greater influence on Hz conversion rate, whose main role is to increase Hz production
for the PEMFC as listed in Table 3. As seen in Fig. 6b, the PEMFC power and net electrical
efficiency are increased with the reduction of the LT-WGS temperature. Moreover, it was found that
the CO concentration of the exhaust gas of LT-WGS can be controlled below 0.1% when the
LT-WGS temperature is lower than 200 C. It was reported that the maximum concentration of CO
impurity for not poisoning the ABs-type MH used in this work must be below 0.1% [64]. Therefore,
the control of LT-WGS reaction temperature below 200 C is essential to prevent the follow-up
TSA process for Hz purification from being poisoned by CO. However, the lower tempreature
usually results in the larger WGS capital cost, whose ratio in the hybrid system is increased from 5%
to 12% with the decrease of tempreature from 220 to 160 °C. Anyway, the operating temprature of
WGS unit has little impact on system SEEC because the cost of WGS unit account for a small

percentage of the total cost of the hybrid system.
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Fig. 6. The effect of two-stage WGS temperatures on the system thermodynamic and

thermo-economic performance (a) HT-WGS; (b) LT-WGS.

Table 3. The CO and H: concentration of the exhaust gas from LT-WGS component at different

operating temperatures.

Concentration

LT-WGS operating temperature ('C)

160 170 180 190 200 210 220
CO 0.03%  0.04% 0.05% 0.06% 0.08% 0.10% 0.12%
Ho 34.05% 34.04% 34.03% 34.02% 34.01% 33.99%  33.9/%

As described above in Fig. 1, the role of TSA unit aims at the Hy purification and supply for the

downstream PEMFC. Herein, the ABs-type metal hydride is used as the hydrogen purification

medium of TSA unit for reversible H, absorption and desorption by chemical reaction. Actually, the

PEMFC operating temperature can be self-regulated by the TSA operating temperature, indicating

almost the same temperature for the PEMFC and TSA reactor. Fig. 7 illustrates the system power,

efficiency and SEEC trends under TSA or PEMFC operating temperatures of 60~90 °C. With the

increase of the temperature, the power output of PEMFC is also increased from 458 to 472 kW.
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Accordingly, the net electrical efficiency of the system is increased up to about 62%, which is
because the amount of H» released from TSA reactor is increased at the higher temperature according
to Eq. (19). In addition, the SEEC is also reduced from 0.5650 to 0.5568 CNY/kWh for the hybrid
system when the temperature is various from 60 to 90 °C. It is of importance to note that the capital

cost of PEMFC component is slightly increased at the higher temperature.
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Fig. 7. The effect of TSA or PEMFC temperature on the PEMFC power, system efficiency and

SEEC.

4.3. Thermo-economic evaluation of the hybrid power system

Thermo-economic evaluation of the proposed SOFC-GP-PEMFC system is further conducted.
Fig. 8 shows the component costs and annual fees of the hybrid system. The PEMFC component
accounts for more than half of the total capital cost. SOFC is the second largest capital cost
component, which is 16.68%. Therefore, the most of the capital investment cost in hybrid system
come from the contribution of two power generation components. The unit power generation cost of

SOFC and PEMFC is calculated to be approximately 500 and 1700 USD/KW, respectively. Except
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the electricity generation components, the TSA and WGS components for the gas processing also
contribute to nearly 20%. For the hybrid power system, the annual fee includes the six kinds of
different fees described by Eqgs (30)-(35). Apparently, the operation fee dominates the annual fee,
whose proportion is up to approximately 85% due to a high methanol consumption in the hybrid
system. Except the operation fee, the depreciation fee also contributes to about 11%, which is the

average allocation of the investment capital cost actually.
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Fig. 8. The component costs and annual fees of the hybrid system (a) Component costs; (b) Annual
fees.

The sensitivity analysis on the SEEC and annual fee of the hybrid fuel cell power system is
depicted as Fig. 9. The influences of prices of 316L steel (the material for the reactors), MH,
methanol fuel, WGS and PEMFC catalyst, insurance fee, maintenance fee and interest fee on SEEC
are taken into account. Apparently, the SEEC of the hybrid power system is the most sensitive to the
price fluctuation of methanol fuel among these market price factors, as shown in Fig. 9a. When
methanol fuel price rises by 20%, the SEEC is also increased by 16.87%. Accordingly, the annual fee
reaches up to 5.23 million CNY, as shown in Fig. 9b. The ratio of the SEEC incremental percentage

to the percentage increase of fuel prices is defined as the sensitivity factor of the SEEC to methanol
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price. This sensitivity factor was calculated to be about 0.8. Except the fuel price, the SEEC of the
proposed hybrid system is less affected by the fluctuation of other market price factors. When the
market price have a variation of 20%, the maximum fluctuation of the SEEC is no more than 0.5%.
Therefore, the SOFC-GP-PEMFC hybrid power system presented in this work shows strong

resistance to the price fluctuation of main market factors in the practical applications.
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Fig. 9. The sensitivity analysis on thermo-economics of the hybrid power system (a) SEEC under the
variation of 20% of main market price factors; (b) SEEC and annual fee under different methanol

fuel prices.

4.4. Techno-economic benefits of the hybrid power system

From the thermodynamic and thermo-economic analyses, the optimal performance of the 1
MWe two-stage fuel cell hybrid power generation system fueled by methanol can be obtained, which
is summarized in Table 4. Herein, the estimation of the SEEC of the present system is based on the
current methanol price 0.254 USD/kg of Northwest China as fuel price. It can be seen that the SOFC
and PEMFC component for electricity generation have comparable power output when the methanol
mass flux is set as 0.07371 kg/s, which are 532 and 468 kW, respectively. The gross electrical

efficiency of the proposed system is 68.03%. Excluding the power consumption of auxiliary
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equipment, the net electrical efficiency of the system is 61.56%. In such power scale, the SEEC is
0.5594 CNY/kWh for the proposed hybrid power system, which is much lower than the power
generation cost of the previously reported methanol power plants, such as 0.706 USD/kWh (about 5
CNY/kWh including the delivery cost) of the methanol power plant with 3300 MWh capacity used
in northern remote communities of Canada [28], and 0.34 USD/kWh (2.4 CNY/kWh) of the

methanol-fed MSR-PEMFC power plant [19].

Table 4. The energy and economic performance of the 1 MWe methanol-fed SOFC-GP-PEMFC

hybrid system for power generation.

Power (kW) Efficiency (%) SEEC

Methanol Auxiliary

Parameters
flux (kg/s) SOFC PEMFC power (kW) Gross Net (CNY/KWh)

Values 0.07371  531.86  468.14 95.07 68.03 61.56 0.5594

Generally, the current methanol utilization methods for power generation mainly contain the
standalone DMFC, SOFC, MTST, SI engine and the hybrid energy conversion systems of
MSR-PEMFC, MSR-HTPEMFC, MSR-PEMFC-mCCHP, and SOFC-mGT. This work also
compared the energy conversion efficiency of the proposed methanol utilization method with the
other reported methanol utilization technologies and traditional coal fired power plant (CFPP), as
shown in Fig. 10. Among the standalone energy systems, the Sl engine has the lowest efficiency of
25% [7], while the methanol-fed SOFC has the highest efficiency of 50% [27,28]. Compared with
the standalone system, the hybrid energy system usually presents a higher energy conversion
efficiency. For example, the PEMFC-based and SOFC-based hybrid power systems were reported to
have the largest efficiency of about 66% for the MSR-PEMFC-mCCHP [29] and 68% for the
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SOFC-mGT [30], respectively. Our work combines the high-efficiency SOFC and PEMFC to form
the hybrid power system. The energy conversion efficiency of the proposed system is 68.6%
(including thermal efficiency of 7%), which is higher than those of the previously reported
standalone and hybrid energy systems fed by methanol. Besides, the methanol-fed
SOFC-GP-PEMFC hybrid power system as power plant is also more efficient than the traditional
power plant of CFPP or CFPP-MCFC, whose energy conversion efficiency is about 35.9%~40%
[65]. Actually, Guangdong Hejide Energy Technology Co., Ltd. has successfully developed and
commercialized an efficient methanol-fed MSR-PEMFC power system called as ‘AH7500 AH
power module’. One of the product advantages is a high power generation efficiency of 1 kg
methanol generating about 2.2 kWh, which is more than twice as high as that of traditional
generators [66]. By comparison, the proposed SOFC-GP-PEMFC hybrid power system can generate
about 3.2 kWh with 1 kg methanol. The comparison result confirms that the proposed methanol

fueled SOFC-GP-PEMFC hybrid system is kind of high-efficiency energy conversion technology.
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Fig. 10. The comparison of energy conversion efficiency between different methanol-fed energy
systems and traditional coal fired technologies for power generation [7,18,19,27-30,65,67,68].
The exergy flow and the corresponding exergy analysis about the 1 MW methanol fueled the
two-stage fuel cell hybrid system are further investigated. Fig. 11 illustrates Sankey diagram of
exergy flow within the hybrid system. In the Sankey diagram, the thickness of the flow lines
represents the amount of exergy flow, which can apparently visualize the exergy flow and exergy
loss of an energy system. It can be seen that a large amount of exergy flow appears in the SOFC
subsystem (upper diagram) due to the super-high operating temperatures over 700 °C. By contrast,

the GP and PEMFC subsystems (lower diagram) have a relatively smaller exergy flow. Among all
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the components, the PEMFC has the largest exergy loss (322.1 kW) and has a relative exergy
destruction of 33%. The TSA unit takes the second position, which has the exergy loss of 88.6 kW
and the relative exergy loss of 9%. For the SOFC component, the exergy loss is only 57 kW,
indicating that most of the energy inside the SOFC is available under a high temperature

circumstances. Therefore, the system has a relative high exergy efficiency of 60.8%.
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Fig. 11. Sankey diagram of the exergy flow within the 1 MWe methanol-fed hybrid system.
From the above-mentioned analyses, the proposed SOFC-GP-PEMFC hybrid power system
exhibits the promising potential for the practical application due to its high energy and exergy

efficiency. It is well known that the power scale is an important parameter for the energy system in
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the application. Fig. 12a displays the effect of power scale (1~50 MWe) on system efficiency and
SEEC. With the increase of system output power from 1 MWe to 50 MWe, the SEEC reduces
gradually from 0.5594 to 0.5116 CNY/kWh. Besides, the overall energy conversion efficiency of this
hybrid system remains almost unchanged. Therefore, large-scale for the hybrid systems is beneficial

to decrease the SEEC during the power generation process.
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Fig. 12. The performance of the hybrid power system under different power scales and subsidies (a)
The effect of power scale on SEEC and overall efficiency; (b) The effect of subsidy on annual return
on investment and payback period.

As shown in Fig. 12b, with the increase of power scale, the technical-economic benefits of this
hybrid system decrease negatively. Herein, this work employs the current electricity price for
industry and commerce of Shaanxi province region of northwest China as the selling price of the
generated electricity, which is 0.7346 CNY/kWh. With the increase of power scale from 1 to 50
MWe, the payback period is increased from 2.2 to 4.8 year and the annual return on investment is
reduced from 2.18% to 1.57%. This is because that the larger power scale generally indicates the
more capital investment to expand the power capacity. Additionally, the more methanol fuel is

required for the larger power capacity, which causes the significant increase of operation fee. As
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mentioned above in Fig. 8b, the operation fee and capital investment (allocated into depreciation fee)
contribute to more than 95% of hybrid system annual fee. In consequence, the techno-economic
benefits become worse at the large power scale, even though large-scale applications help reduce the
SEEC of the hybrid system.

Although the methanol-fed SOFC-GP-PEMFC hybrid system has a relative high efficiency for
clean electricity production, the cost of electricity generation is still high due to no mass production
of fuel cell. Actually, the break even energy cost of a standard power plant was reported to be 0.0546
USD/kW h (0.383 CNY/kwWh) [69], which is lower than the SEEC (0.5116~0.5594) of the
methanol-fed hybrid power system. In China, the traditional coal fired power plant still dominates
the electricity market. Recently, National Development and Reform Commission (NDRC) of China
has just issued a new market-based price mechanism about the on-grid price of coal fired power
generation instead of benchmark feed-in tariff at the beginning of 2020. The new price mechanism
uses the current benchmark feed-in tariff as the standard price and allows the fluctuation in the range
of no more than 10% floating upward and no more than 15% floating downward on the basis of
standard price [70]. Statistically, 18 provinces and cities of China have employed the newly issued
market-based price mechanism for the on-grid price of coal fired power plant until now, which is
summarized in Fig. 13. The standard price is within the range of 0.2595~0.453 CNY/kWh for these
regions, among which the region of South China has the largest on-grid price (0.4983 CNY/kWh in
Guangdong province) and the lowest on-grid price (0.2206 CNY/kKWh in Ningxia province) in
Northwest China. The largest on-grid price of coal fired power plant in Guangdong region is mainly

attributed to the large demand of electricity capacity but scarce coal resource. By contrast, the
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Ningxia region with the lowest price has abundant coal resource and the power demand is not so
large due to the relative backwardness in the local economy. Besides the region of South China, the
region of East China also has the high standard electricity price of 0.3844~0.4155 CNY/kWh.
Therefore, it can be concluded that the coal fired power plant is still cost-optimal for power
generation in China. By comparison, the SEEC (0.5116~0.5594 CNY/kWh) of the methanol-fed
SOFC-GP-PEMFC hybrid system is higher than the on-grid price (0.2206~0.4983 CNY/kWh) of the

coal fired power plant.
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Fig. 13. The current standard electricity price and the corresponding floating range of the coal fired
power plant in different regions of China.
However, many countries and regions plan to develop renewable energy resources, such as
wind, solar, and biogas, for clean electricity power generation to partially replace the traditional

CFPP. In order to encourage the clean power generation, financial subsidy is usually a must.
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Actually, many countries and regions have put forward the financial subsidy to accelerate the
development of novel clean power generation technology. For example, the NDRC, China subsidizes
the renewable energy power plant by financially supporting the exceeding electricity price beyond
the local benchmark feed-in tariff through renewable energy development fund. If the methanol
power plant based on the proposed SOFC-GP-PEMFC hybrid technology is also supported by the
government with the same subsidy level, the techno-economic benefits will be significantly
increased. Taking Shaanxi province (Northwest region), China with the current benchmark feed-in
tariff of 0.3345 CNY/kWh as our case, the payback period and annual return on investment of the
methanol-fed hybrid power plant under different power scales of 1~50 MWe are compared in Fig.
12b. It can be seen that the payback period can be shortened to 1.4~2.8 year and the annual return on
investment can be increased to 3.28~3.58% owing to the assumed subsidy level. The
techno-economic benefits are more significant for the hybrid power system with smaller power
capacity. As the power scale increases from 1 to 50 MWe, the subsidy level is also increased from
1.5 to 57 million CNY. Therefore, the methanol-fed hybrid power plant with small power capacity is
preferentially encouraged in such subsidy policy. Besides, this kind of methanol power generation
technology is more competitive in the regions of South China and East China because of the high
on-grid electricity price in these regions.
5. Conclusions

A novel methanol utilization approach for power generation based on the SOFC-GP-PEMFC
hybrid system was proposed in present work. The thermodynamic analysis is applied to this hybrid

system for acquiring the basic operation data firstly. Then the evaluation including thermo-economic
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and techno-economic analyses base the Northwest China, was further performed to reveal the

potential feasibility of the methanol power plant in the practical applications. Through the 3T

evaluation, several conclusions can be drawn as follows.

(1)

)

®3)

(4)

In consideration of improved efficiency and balanceable power distribution between SOFC
and PEMFC, the strategy of no recirculation ratio of anode off-gas and moderate fuel
utilization of about 0.5 are recommended for the operation of SOFC. After the performance
optimization, the overall efficiency reaches up to 68.6%, which is higher than those of the
previously reported standalone and hybrid energy systems fed by methanol as well as
traditional coal fired power plant, such as standalone DMFC, SOFC, Sl engine,
MSR-PEMFC-mCHPP, CFPP-MCFC, and SOFC-mGT.

The operating temperature of the LT-WGS should be controlled below 200 °C to ensure the
CO concentration of the exhaust gas less than 0.1%, thus to preventing the TSA working
medium MH being poisoned in the Hz purification process.

The SEEC of 1 MWe methanol-fed hybrid power system is 0.5594 CNY/kWh, which is much
lower than the power generation cost of the previously reported methanol power plants, such
as MSR-PEMFC. As the power scale increases to 50 MWe, the SEEC further reduces to
0.5116 CNY/kWh. Therefore, large-scale has the promotion effect to reduce the system power
generation cost.

The electricity production cost (0.5116~0.5594 CNY/kWh) of the methanol power plant is
still higher than the present on-grid price (0.2206~0.4983 CNY/kWh) of the traditional coal

fired power plant in China. However, with the current financial subsidy level for encouraging
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renewable energy power plant, the payback period can be shorten to 1.4 year and the annual
return on investment can be increased to 3.58%.

(5) This kind of methanol power plant with small power capacity (~1 MWe) is preferentially
encouraged to develop in the regions of South China and East China because of the high
on-grid electricity price and scarce coal resource in these regions.
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