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This study evaluates a potential coupling between AEC and SOEC through a CO, heat pump
unit that works in super-critical conditions. In such a way, thermal power requested by
SOEC can be provided by recovering heat loss from AEC via the CO,heat pump. The coupled
configuration is characterized by renewable electric input. Hence, the power is provided for
electrolysis without more external thermal resources. The energy, economic and envi-
ronmental impacts of such intervention have been determined and compared with SOEC in
solo mode. The layout is created and simulated in a MATLAB SIMULINK environment.
The simulation results show a potential improvement in the total energy efficiency of
the whole system without an external heat resource, up to 68%, which is higher than 65%
of SOEC itself, thanks to the heat recovery section that is correlated with sCO, HP contri-
bution. LCOH varies widely depending on SOEC size from around 2.59 €/kgy, up to 9.27€/
kgio.
© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

promising in both energy and economic aspects. Hydrogen is a
leading energy career which carries the label of “future fuel” for
couple of decades [1]. Its thermophysical properties make it a

The tendency to shift from fossil fuels toward sustainable so-
lutions has started to accelerate in recent years. A proper en-
ergy carrier candidate in addition to sustainability should be
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good energy solution to replace existing system. Furthermore,
hydrogen likewise fossil fuels can be considered multi-
functional by being implemented into various applications. In
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transportation, heating purposes via burning or even in power
generation in gas turbine systems [2—4]. Adding to them,
hydrogen can be produced totally from renewable resources
with zero carbon footprint. In this case, the outcome is known
as “green hydrogen” [4]. As of today, the main renewable re-
sources to produce hydrogen can be categorized into biomass
process and water-splitting technologies using solar or wind
power [5]. Thermochemical methods and biological ones are
two well-recognized way to produce H, from biomass [6].
Through thermochemical process, hydrogen of hydrogen
enrich gas is produced. They are mostly involved with pyrolysis
or gasification methods. In order to increase the production
ratio, water gas shift (WGS) reaction and/or various reforming
techniques are integrated to the main process [7—9].

Water has merits of no pollutant emissions such as SOy, CO,
and CO, very simple working principle and being available all
around the world [10]. Despite the fact that water electrolysis
has been around for almost two century [11], there are a few
mature technology available as of today. Proton exchange
membrane (PEM) and Alkaline electrolysis Cell (AEC), are two
commercial types of water electrolysis which both are catego-
rized as low temperature electrolysis (LTE) [12]. LTE systems are
characterized with nearly ambient operating temperature (up
to 90 °C). Despite their technological superiority, still there are
some demerits dealing with LTE specially alkaline ones such as:
low partial load range, high ohmic loss and low current density
[13,14]. The electric efficiency at its best is 70% based on LHVy,
but mostly in the range of 56—63 °CS. Some research works,
have tried to improve the performance of LTE [15]. For instance
Ref. [16], achieved lower cell voltage of water splitting in AEC via
presenting a heterojunction hybrid structure of MoS,@Ni, g¢S.
For PEM electrolysers, several works attempt to increase the
electrochemical performance. As an example [17], reported
significant current density increase by developing a platinum
free cobalt phosphide (Co—P) electrode for the hydrogen revo-
lution reaction. Such an electrode is carbon fabricated by pulse
electrodeposition technique using different dissolution of Co.
High temperature electrolysis (HTE) in the other hand, con-
sumes less electricity and promises the higher electric effi-
ciency [18]. Some research works indicated the efficiency of
hydrogen to water conversion above 100% through HTE is
achievable [14,19]. The operating temperature is in the range of
600—950 °C which hails more thermodynamic and electro-
chemical kinetic advantages [20]. Nevertheless, it is character-
ized with an additional thermal consumption. One well-known
high-temp technology is Solid oxide electrolysis cell (SOEC)
which is still in R&D stage. The main drawbacks of SOEC that
constrain further development is high specific cost and lower
lifetime comparing with LTE [21-23]. Table 1 summarizes the
main properties of water electrolysis technologies.

Having mentioned main characteristics of HTE, the current
work aims to justify the application of SOEC that offers a
feasible solution. A novel configuration containing both HTE
and LTE operating in coupling mode attempt to address the
main demerits of SOEC which are an additional heat resource
and the cost effectiveness. To do so, a cutting edge technology
supercritical CO, heat pump is employed for heat recovery
inside the plant. The role of this component is to provide the
thermal requirement for SOEC without the necessity of an
external source. The case study is supplied 100% from

renewable generation leading to green hydrogen production
with promising environmental benefits. In addition to that,
the energy performance of such system is simulate via MAT-
LAB SIMULINK. A comprehensive economic analysis is carried
out to evaluate the final cost of hydrogen production which is
expressed in terms of levelized cost of hydrogen (LCOH) and
carbon avoidance cost.

The main missions of this work can be concluded as follow:

Introducing the coupling layout between LTE and THE.

Improving energy efficiency by implementing heat recov-
ery through sCO, HP.

Describing useful energy performance of sCO, Heat pump.

Final H, production from only renewable generation.

Techno-economic comparison between coupling layout
and conventional SOEC application.

Environmental impacts assessment.

CO, in the literature

CO, is one of the first natural refrigerants that has been in use
for many decades. Its thermophysical properties make it a
good choice for undergoing a thermodynamic cycle. As con-
cerns of the heat pump systems, the role of CO, in trans
critical cycle has been already defined to produce domestic
hot water [36] and cooling effect [37]. In a trans critical cycle,
the refrigerant goes over the critical conditions only on the
upstream side of the cycle. In super critical cycle however, the
refrigerant remains in gaseous phase all over the process
causing no phase change at all [38]. Super critical CO, has
many applications in industry specially power cycles. In nu-
clear engineering, sCO, Bryton cycle is used for power con-
version to increase the efficiency of generation IV reactors due
to its capacity to provide higher turbine outlet temperature in
comparison with steam Rankine cycle [39]. Except for nuclear
application, sCO, power cycle can be used as a topping cycle
for fossil fuel powered plants and a bottoming cycle of gas
combined cycle plants [40], or for exhaust/waste heat recovery
application [41]. The thermodynamic properties of sCO, cre-
ates new opportunities in turbomachinery designs. High
pressure and densities result in compact component designs
which eventually reduces the size of the machine and the
cost. Decreasing the diameter of turbomachinery however,
induces a new line of problems associated with high rotating
speed. As an example, increased tip-clearance and secondary-
flow losses, challenges in the design of the shaft, bearings and
seals to ensure stable rotor dynamic behaviour across the
range of expected operating speeds, are some major problems
related to increasing aerodynamic losses [42]. As discussed in
literature [43—45], sCO, cycle can also be defined to improve
the economic indicators in renewable resources by recovering
the waste heat specially for fuel cells applications. Another
usage of sCO, in the field of renewable generation is defined
inside solar concentration systems. As an example, in
Ref. [46], sCO, is presented in U shaped double piped heat
exchanger structure to concentrate solar power. The numer-
ical results suggest the temperature increase of sCO, as a
more effective parameter to improve the conventional heat
transfer coefficient rather than pressure.

Having discussed the current applications available for
sCO; cycle, a new line of operation can be added to the list by
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Table 1 — Main characteristic of available water electrolysis cells.

Electrolyte Alkaline PEM SOEC
20—30% KOH PFSA YSZ

Current density (A cm?) 0.2-0.4 0.6—2.0 0.5-1.5

Cell voltage (V) 1.8-24 1.8-2.2 0.9-1.5

Electrical efficiency (%LHV) 63—70 56—60 74-81

Temperature range (°C) 65—100 70-90 650—1000

Discharge pressure (bar) 25-30 30—-80 1-10

Stack Lifetime (h) 30 000—90 000 60 000—90 000 10 000—30 000

H, Purity (%) 99.3-99.9 99.9999 99.99

Specific energy consumption (kWh Nm ) 4.8 5.2 3.6

Capacity (Nm>h?) 1-760 0.265—30 87

Specific cost (€/kW,) 450—-1270 590—-1360 2500—5000

Degradation rate (%voltage increase in kh) 0.011 0.14 0.9

Technology maturity Mature Mature for small scale R&D

Reference [5,19—22,24] [10,14,25,28—31] [23,27,32—35]

implementing sCO, in a heat pump [47]. This potential
configuration is integrated with water electrolysis in low-
temp and high-temp region coupling them in such a way
that the waste heat from LTE is recovered and imported to the
HTE. Fig. 1, demonstrates the P-h diagram of sCO, thermo-
dynamic cycle inside the heat pump. Assuming CO, critical
point at 31 °C, 73 bar, due to the criteria in down and upstream
side of the cycle, the refrigerant remains at super critical state
all over the loop. The detailed structure of HP unit is explained
at methodology section.

Methodology

Fig. 2 a and b, illustrates the schematic of the proposed layout.
Instead of an external heat resource to generate the steam
required for SOEC, sCO, HP unit is implemented for heat re-
covery. The energy losses during the electrolysis process is

P-hdiagram for Carbon Dioxide Refrigerant [R744)
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correlated with joule effect inside AEC. The contribution of
sCO, HP is to recover AEC thermal losses by elevating fluid
temperature sufficient enough for high-temp application. The
operating temperature inside SOEC stack is in range of
600—950 °C. The stack can operates in three different mode
that strictly correlated with input temperature and applied
current: endothermic, exothermic and neutral thermal [48].
Based on the electric efficiency of the stack, during the elec-
trolysis process part of the electric power will be lost in form of
heat, increasing the temperature of the stack. When the heat
caused by electric power exceeds the heat required for elec-
trolysis reaction, the stack operates in exothermic conditions
rising in-stack temperature. In endothermic conditions, pro-
vided heat cannot respond to the demand for the reaction so
additional external heat should be delivered to the stack. As a
result, in endothermic mode, in addition to electric power, a
heat source should be implemented for completing the elec-
trolysis reaction. Such heat should provide only a portion of

Hot sink:

5 4
Gas Cooler
B .
xpar‘!smn ‘ Compressor
device rﬂ,
7 \ i;__ V) [T L ———
] N\ box F
Expander X 6 - 3
#
Internal Heat excahnger
2
Gas Heater
1
Cold sink-

Fig. 1 — P-h diagram of CO, operating in super critical state.
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Fig. 2 — a) the coupling configuration including AEC and SOEC which are linked together through sCO, HP b)SOEC
configuration in solo-mode integrated with an external heat resource to meet the thermal requirement.

the total heat that is missing. Based on the commercial
models available, required thermal energy is reported in
terms of input steam profile which should be delivered to the
stack. Based on chosen model the thermal input profile is
characterized with the steam in 150 °C and 3.5 bar. Table 2,
shows the steam requirement of the commercial SOEC model
which is assumed for simulation [32,49]. The heat pump role is
to deliver sufficient heat to generate steam to meet the SOEC
starting operation set point. Thermophysical properties of
CO,, has been considered to size properly the heat pump. AEC
stack that is assumed as cold sink of the HP, ensures the
thermodynamic cycle to be held totally above critical point
and avoiding the phase change. The expansion process is
consist of two phases as illustrated in Fig. 3. Due to the
extreme fall down undergoing isentropic expansion through
expander, the refrigerant drops below critical point. In order
to avoid such effect, a mid-pressure is defined down to the
point that ensures super critical condition. Afterward, the
refrigerant undergoes an additional isenthalpic expansion
through an expansion valve. In this way, it is possible to
benefit some amount of mechanical work from isentropic
expansion and spend it for compression process. With an
external steam generator fed with natural gas and the same
power income from renewable is taken into account.

Simulation

In the hybrid layout, the generated power is divided into three
sections. In this way, the size of SOEC and AEC is correlated
with each other. SOEC sizing can be characterized by changing
the vapor flow rate. Subsequently, the thermal load of sCO, HP
can be sized. The remaining part of the power is dedicated to
AEC. Since commercial alkaline electrolysers are available in a
wide range of capacity, different commercial models can be

Table 2 — Steam profile of the SOEC.

Temperature (°C) 150 .... 200
Pressure (Bar) 35....55
Steam to H, ratio (Kgsteam/Nm>y,) 0.74

Nominal Power (kW) 65, 160, 250, 350

chosen in this part. Eq. (1):6, explain the working principle of
simulation part. In there, m is the steam flow rate which is
characterized with SOEC input criteria.

P’res =P’e1_soec + P’scoonp + Parc + P11 (1)

P’th,SOEC =m C (Tsat - Tw) + m(hsv - hsl) + Wl( hdp - hsv) P

>
thsorc

P’ _sorc = Qu_np (3)
Qa_aec > Qc_np @
Wap =Qu_np — Qc_np (5)
P’arc =P’res — P’e1_sorc — Wrp -P) (6)

Solar and wind renewable resources have been assumed
for power generation. Since the renewable income is not
programmable and changes instantaneously, the equivalent
peak hour for solar and wind in region of Italy, city of Rome,
has been assumed instead of going through hourly simula-
tion. Such an assumption has been made generally for the
sake of simulation. It is not intended to assess an accurate
dynamic model since such a parameter is not an effective
indicators for the system. Of course such a model can be
adapted for various climate profiles which could be the scope
of future works. In this way, by assuming a fixed available
energy during the year for both layouts, the energy efficiency
and hydrogen production rate can be compared with each
other. In Ref. [50], the equivalent hours for renewable sources
for Italy is illustrated. The detailed report about solar radia-
tion hours for the city of Rome can be found in Ref. [51]. In
average an equivalent hours equal to 1425 and 1732 h per
year has been considered for PV and wind generation
respectively. The peak power at is set at 500 kW. This value is
selected based on one of the available commercial SOEC size
which is equal to 160 kW in order to ensure at least 3000
equivalent hours for the operation. In section “result and
discussion”, the sensitivity analysis for various sizes is per-
formed to study the impact of such parameter on H, cost
reduction.
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Fig. 3 — The working principle of sCO, HP in coupling configuration integrated with AEC and SOEC.

Table 3, shows the main assumptions have been used for
simulation. An optional value of 500 kW is considered for
renewable power input. The final results would be normalized
by input power. Hence, the input could be any other value and
does not affect the energy performance of the system. For
electrolysers part, except for the efficiency, the degradation
value has been reported which affects the H, production
during the lifetime. The simulation part, has been carried out
inside MATLAB SIMULINK environment.

Economic assumption

Economic assumption—Environmental impact introduce
useful indicators to analyse the simulation results. Such for-
mulas subsequently are employed in Result and Discussion.
Economic assessment is expressed by deriving the lev-
elized cost of hydrogen (LCOH) which is an effective indicator

Table 3 — List of technical assumptions for simulation

part.

Value Unit
SOEC efficiency 77% —
SOEC degradation rate 0.9 % of voltage increase in kh

SOEC steam to H2 ratio 0.87 Nm? yo/KScteam

SOEC steam input temperature 150 °C

SOEC steam input pressure 35 Bar

AEC efficiency 58% —

AEC degradation rate 0.011 % of voltage increase in kh
AEC stack temperature 75 °C

PV equivalent hours 1263 h/year

Wind equivalent hours 1732 h/year

Heat exchanger effectiveness 0.7  —
Isentropic efficiency 0.78 —

to indicate the total investment cost per each kg of production
[26,52,53]. LCOH can be defined by eq. (7):

crf-CAPEX + Coamy
M2y

LCOH = 7)
where:

mypy is the annual hydrogen production by mass,

Cosmy are the annual costs for operation and maintenance

CAPEX is the Capital Expenditure

crf is the capital recovery factor, which can be calculated
according to (eq (8)).

i-(1+1)

Crfzi(1 1 ®)

In which i is the discount rate and 7 is the lifetime of the
project

The economic assumptions have been reported in Table 4.
For renewable generation, the levelized cost of electricity for
Italy in 2020 has been considered [54].

For sCO, HP capex estimation, is performed due to the lack
of practical data and the fact that such technology has been
defined for the first time in the literature. Nevertheless, the

Table 4 — The list of economic assumptions.

Unit Specific O&M Lifetime Ref

capital cost (€/kW)
SOEC €/kW,. 3000 80 10 000-30000h  [55]
AEC €/kW, 950 19 60 000—90 000 h  [55]
PV €/kWh 0.088 10 20y [54]
Wind €/kWh 0.083 70 25y [54]
NG  €/kWh 0.117 = = [56]
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Table 5 — sCO, simulation results.

Steam flow Hot sink Cold sink Available heat Nth SOEC size (kW) AEC size (kW)
rate (kgsteam/h) size (kW) size (kW) for recovery (kW)

20 18.15 6.99 181 3.8% 62.64 431.8

50 45.37 17.48 138.7 12.6% 156.6 329.5

75 68.06 26.22 102 25.7% 234.9 244.2

110 99.82 38.46 52.45 73.3% 344.5 124.8

experimental model that has been introduced [57] for trans
critical CO, HP has been considered as the reference.

Energy efficiency

One of the main privileges of coupled hybrid configuration is
its impact on total energy efficiency of the system. The energy
efficiency (EE) can be defined as the effective energy spent for
H, production vs the total energy imported to the system:

Enp
EE= Fur 9)
where Ey is the total energy that is consumed by the system.
In coupled scenarios, the only input is the renewable
resource generation. However, in SOEC solo mode, in addition
to renewable income, there is a natural gas consumption for
thermal load. As a result eq.9 can be rewritten for each case:

LHVy*m
EEcoupled = % (10)
RES
LHVy,* m
EESOEC—solo = e T (11)

Eges + LHVng*myg

In egs. (10) and (11), Eges is the total renewable energy
generated.

Environmental impact

In order to realize the actual benefits arising from H, as a
green product and renewable resource, one should take into
account potential applications and contributions. One obvious
properties of any green products is zero emission greenhouse
gasses (GHG) specially CO, which is true also for H,. Of course,
its contribution indirectly effects the CO, emission depending
on which end H, is supposed to use. In order to have a sense of
such effect, the research group has taken into account appli-
cation in building sector via blending into natural gas network
in order to reduce the consumption rate.

Blending into natural gas network

The carbon avoided from blending process is not straightfor-
ward since it is not correlated linearly with H, concentration.
Hence, a sixth grade polynomial relation which is developed
in Ref. [58] and reported in eq. (15) used to evaluate CO; ayoided
from blending.

CO2 avoidea =20 fgz + 8~87f1§12 - 11-7f§2 + 2f1-3{2 - 16~4f1-212 - 16~1f1-1{2
(12)
In eq. (15) f represents H, concentration in blending. As of
today, Italy does not have any legislation to constrain

allowable H, concentration in natural gas network [59]. Yet,
based on available studies, the maximum concentration rate
without additional network equipment that can deliver same
amount of energy is 20% [60,61]. In order to calculate decar-
bonization rate, so called “energy over price” (EOP) ratio is
needed as well. EOP indicates the excess energy flow rate from
blending is needed to provide same energy burnt by natural
gas formerly. Eq. (16) introduce a practical formula for such
parameter [58]:

LChane LCnc

O = [HVong  LHVao

(13)

LC is the levelized cost (€/Nm®) of mixture and NG.

Result and discussion
sCO, HP performance

The sizing of sCO, HP is carried out regarding the various
thermal load requirement. In this case, the starting point is
the gas cooler and the heat load. Thermal load changes based
on different steam flow rates corresponding to SOEC. By fixing
the size of the gas cooler, cooling load corresponding to the
gas heater is evaluated consequently. The simulation is per-
formed for 20, 50, 75 and 110 kgseam/h. Such values are
correlated to the available commercial models representing
65, 160, 250 and 350 kW, with the same steam to H, ratio [62].
Asreportedin Table 5, the size of the hot sink (gas cooler) rises
progressively by increasing steam flow rate. The maximum
available discharged heat from AEC is also calculated. Such
heat is used to recover the cold sink load corresponding to the
size of the gas heater inside the heat pump. As suggested by
the results, increasing the size of SOEC improves the thermal
efficiency which indicates the recovered heat from Alkaline
stack. However, there is an upper limit for heat recovery. The
simulation results shows the maximum thermal efficiency is
near 73%. By increasing the flow rate above 110 kgsteam/h
available heat cannot meet the cooling load. For instance in
case of 120 kgsteam/h, the cooling load is equal to 41.96 kW
whilst the available heat for recovery is 38.5 which is not
sufficient.

The main parameter to describe the energy performance of
sCO, HP is COP which can be evaluated from the Carnot ideal
cycle:

Tu

Nearnot = T_TC (14)

In which Ty and T¢ are temperatures at gas cooler and gas
heater in K, respectively. The actual COP however is derived



984 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 52 (2024) 978—993

7.00

6.00

5.00

4.0

o

cop

3.0

[}

2.0

o

1.0

o]

160 165 170

0.00 I I o
175 180 185 190

200

180

160

140

[y

20

o
8
Temperature °C

0

0

)

(o}

H

o]

N

(o}

195 200 210

UPSTREAM PRESSURE of sCO2 HP (bar)

mmmm Carnot Ideal COP

= Real COP

-—O-—Temperature

Fig. 4 — COP and temperature variation vs Upstream pressure.

considering the ratio between practical heat discharged and
the imported work for compression:

Mreal = % (15)

Fig. 4, shows the result of simulated ideal and real COP by
changing the upper pressure. As illustrated, the upper pres-
sure has reverse impact on the COP since it increases the work
done by compressor. However, it results in higher available
temperature in the gas cooler. Higher temperature is benefi-
cial for the heat transfer process and sizing the gas cooler
since the heat transfer is occur between two fluid in gaseous
phase. The research group has decided to set the minimum
temperature difference not below 30 °C in order to ensure the
effective heat exchange between CO, and the water. As a
result, Ty is kept at least 180 °C. having T and P as two effective
parameters that constrain the performance of the heat pump,
the optimum design point is set to 200 bar and 180 °C. In such
condition the COP,., of the HP is equal to 3.25. The down-
stream pressure is set to 75 bar just slightly above critical
point (73.81 bar at 31 °C). In this circumstance due to signifi-
cant isentropic expansion inside expander, as explained in
Methodology, the temperature profile of the refrigerant drops
rapidly below the critical point which should be avoided. To
address this issue, a mid-range pressure has been defined to

ensure super critical condition. Taking a closer look at Fig. 4, a
sudden increase in COP at 190 bar appears. Such a behaviour is
correlated to the different mid-pressure from 185 bar so on.

s coole

Upstream pressure

A

Downstream pressure
From gas heater To compressor

Fig. 5 — Input/output flows of internal heat exchanger.

Table 6 — The impact of mid-pressure to the output temperature and COP of the system.

Upstream pressure (Bar) 160 165 170 175
Mid- pressure (Bar) 100 100 100 100
Compression ratio (volve) 1.6 1.65 1.7 1.75
T_after expansion (°C) 36.49 35.38 34.34 33.36
COP Carnot 5.73 5.49 5.27 5.07
COP real 4.39 4.20 4.04 3.88

T_Gas cooler out (°C) 151 155 159 163

180 185 190 195 200 210
100 100 120 120 120 120
1.8 1.85 1.58 1.625 1.67 1.75
3243 31.56 36.02 35.10 34.22 32.59
4.93 4.80 4.89 4.57 4.40 4.27
3.78 3.68 3.75 3.50 3.37 3.27
166 169 167 175 180 184
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Fig. 6 — The impact of regeneration temperature to improve COP.

Starting from 160 bar as the high pressure value, up to 185 bar, saturation temperature. By increasing the pressure from 185
the mid-pressure equal to 100 bar happens to be sufficient to 190, the temperature falls below the critical point and the
enough to fulfil the circumstances. The simulation results at refrigerant condenses out. Eventually, from 185 to 190, a new
185 bar show temperature profile of the working fluid after mid-pressure is set from 100 to 120 bar. Such pressure is
expansion process is around 31 °C which is very close to the turned out to be sufficient up to 210 bar. Such a modification,

Table 7 — H, production results.

20 kgsteam/m 50 kgsteam/n 70 kgsteam/n 110 kgsteam/n SOEC only
Total Production (Nm3/h) 107.36 112.14 116.13 121.71 138.9
SOEC production (Nm?/h) 17.4 435 62.25 95.7 138.9
AEC production (Nm*/h) 89.96 68.64 50.88 26.01 0
SOEC size (kW) 62.64 156.6 234.9 3445 500
AEC size (KW.)) 4318 3295 244.2 124.8 0
4
3.5
3
2.5
0
B 2
o
15
1
0.5
0
0 20 40 60 80 100 120

Steam flow rate kg/h

SOEC/AEC size SOEC/AEC production

Fig. 7 — The difference between production and size ratio of SOEC/AEC.
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Table 8 — Total energy efficiency report.

0 kgsteam/h 20 kgsteam/h 50 kgsteam/h 70 kgsteam/h 110 kgsteam/h SOEC Only
EE 58% 60% 62% 65% 68% 65%
70%
68%
68% i
66% 65% ‘ 65%
64% f
> :
e 62% |
$ - ‘
g 62% |
30:) ) 60%
© 60% ; I
k] 58%
58%
56%
54%
52% '
0 kg/h 20kg/h 50kg/h 70kg/h 110 kg/h SOEC only
Steam flow rate
Fig. 8 — Total energy efficiency by changing the SOEC size.
changes the energy balance of the system specially after the PN T,
gas heater. The eventual result suggest a slightly better COP (PTl) =T, (16)

performance at the cost of lower discharged temperature.
Table 6, reports the simulation results that indicates the
impact of mid-pressure on the key indicators of the heat
pump.

Another effective parameter to improve the COP is related
to the available heat to recover at internal heat exchanger.
Such heat can be improved by increasing the heat exchanger
effectiveness. Higher the effectiveness allows the effective
heat transfer. Figs. 5 and 6, show the impact of internal heat
exchanger design on the COP of the heat pump. The role of
this heat exchanger is to recover the exhaust heat after gas
cooling process. The simulation results shows the refrigerant
after heating up the water in upstream cycle, and producing
the steam at 150 °C, drops to 80 _85 °C. This temperature is still
sufficient to heat up the downstream fluid which passes
through the gas heater and has T around 55 °C. In this case,
the isentropic compression starting point has higher tem-
perature profile. The isentropic compression formula is
brought in eq. (11), P, and T, are the output profile of the
compressed fluid and P,, T; describe the properties of the fluid
before isentropic compression. « is the ratio of C,/C, which is
known as heat capacity. The left hand side of the equation is
actually the thermodynamic work occurring inside the
compressor. By increasing T,, assuming the constant value for
T,, the work done by compressor reduces. As a consequence,
the COP of the HP increases.

H, production

Table 7, shows the production rate corresponding to various
SOEC-AEC contribution. The production rate increases pro-
gressively with the size of SOEC. This is due to the fact
that SOEC offers more efficiency rather than AEC. However,
such contribution is not correlated linearly with power con-
sumption. Asillustrated in Fig. 7, the production ratio between
high and low temperature electrolysers is bigger than their
power consumption. This gap become more wider as the size
of SOEC enlarges. This is the technological superiority of SOEC
which allows reaching higher H, production rate receiving the
same amount of energy. Of course in the case of SOEC in solo
mode, all the power is imported to SOEC unit and its produc-
tion rate is the highest, but in this case an external heat source
should provide thermal load since there is no heat available
inside the system to recover.

Energy performance

From the method that is already introduced in Energy
efficiency, the total energy of the system is derived. As the
result suggested in Fig. 8, starting from 70 kgsteam/n, the total
efficiency is as high enough as SOEC system alone. Of course,
by increasing the flow rate the higher efficiency values are
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reachable. These results are interesting since the coupling
layout in general, presents lower electric efficiency than SOEC
due to technical superiority of SOEC over AEC. However,
thanks to heat recovery system and free available heat
resource the total efficiency can increase. Considering AEC
alone which represents 58% electric efficiency, coupling cases
with any arbitrary flow rate offers higher efficiency. Such re-
sults are shown in Table 8 and Fig 8.
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Based on the financial assumptions that have been already
introduced Economic assumption, the levelized cost of
hydrogen in each scenario is calculated. It is noteworthy that
such value is stack price before compression. At the moment,
due to high initial cost of SOEC systems which is as high as
3000 €/kW,;, despite technological advances and energy
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Fig. 9 — a)LCOH for each scenario supplied by PV. b)LCOH for each scenario supplied by wind.
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Fig. 10 — LCOH variation by SOEC price reduction.

indicators, it is considered as an expensive technology. How-
ever, it is expected by 2030 price falls below 1000 €/kW,,. Be-
tween PV and wind, the wind turbine has showed a better
results due to higher capacity factor and lower LCOE for the
region of Italy (see Fig. 9).

Sensitivity analysis

Fig. 10, shows the potential LCOH by decreasing the SOEC
price. In comparison with low temperature electrolysis

technologies, which offers currently LCOH in range of 3—4
€/kgy, SOEC in solo mode still will remain expensive. Unless
the SOEC price drops below 2000 €/kW,,. Of course the impact
of SOEC capex variation is more stronger for the cases with
larger SOEC. For instance, in the case including wind and
12.5% of SOEC, the LCOH changes very slowly by large varia-
tion of SOEC price. In the contrary, in case including PV 100%
SOEC, 300% reduction occurs in LCOH by changing SOEC capex
from 4000 to 1000 €/kW.

€12.00
€10.00 K
€8.00 o~
i 4—.»-“*“‘\“
€6.00
€4.00 ) - L
o +
€2.00 % ¢
€ -
500 1000 1500 2000 2500

<O PV, 12.5%SOEC 0PV, 31%SOEC
=PV, 100% SOEC

—=— Wind, 69% SOEC

O—Wind, 12.5% SOEC ==f==\Vind, 31% SOEC
0= Wind, 100% SOEC

3000

3500

4000

=fy=PV, 47%SOEC PV, 69%SOEC

=m==\\ind, 47% SOEC

Fig. 11 — LCOH vs RES input.
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Fig. 12 — Decarbonization cost considering the blending into natural gas network.

Another sensitivity analysis is carried out considering
different RES input. As explained before, based on the avail-
able commercial SOEC size, the renewable input has been
fixed at 500 kW. Nevertheless, by assuming available SOEC
commercial models with larger size in future, higher RES
power plant can be established. In Fig. 11, the plants up to
4 MW RES are assumed. As the production rate increase, LCOH
tend to fall down. LCOH below 4 €/kgy, is reached for pro-
duction rate more than 800 Nm?/h. However, such reduction is
directly correlated to the share fraction of SOEC. For cases
composing smaller SOEC contribution, increasing the size of
RES income is not altering LCOH significantly. However it can
be concluded for the larger SOEC contributions, the size has
more evident impact on final H, production results.

Carbon avoidance results

The blending H, into NG network causes less NG consumption
and eventually less carbon emission rate. Such effect can be
calculated following the methodology introduced in Blending
into Natural gas network. H, can be produced in the pressure

range of 30 bar right after injection from electrolyser. Such
pressure is in the range of natural gas pipeline meaning that it
could directly injected to the NG network without undergoing
any further compression. As a result the final LCOH would be
equal to the stack price which is already calculated. For
blending into natural gas network, the values of 10 and 20%
have been considered. The impact of recent energy crisis in
Europe on the final price of NG has been taken into account. As
reported in Ref. [63], the NG price for Italy is 0.117 €/kWh. The
final results are shown in Fig. 12. There is a meaningful dif-
ference between PV and wind in the region of Italy. In average
wind can cost around 40% less than PV for avoiding one ton of
CO,. The contribution of SOEC is directly correlated with EOP
and eventually with decarbonization cost. As a result, rising
the share of SOEC from RES, increase the price for saving a
ton of CO,. Such results can be observed in Table 9. In this case,
the final results show very small dependency to blending
variation.

Since renewable resource has been assumed for hydrogen
production the electricity is also generated with zero carbon
emission. In order to take into account also CO, saving from

Table 9 — Detailed results of decarbonization cost.

Cases LCOH (€/Nm°p,) EOP(€/GJ) Blending COsayoided (€/tcoz) Total COsayoided (€/tco2)
10% 20% 10% 20% 10% 20%
PV,12.5% SOEC 0.41 0.79 1.70 443.99 439.46 12.30 25.76
Wind, 12.5% SOEC 0.27 0.36 0.78 203.78 201.70 5.65 11.83
PV, 31% SOEC 0.57 1.25 2.70 705.23 698.04 19.54 40.92
Wind, 31% SOEC 0.38 0.70 1.52 396.21 396.17 10.98 22.99
PV, 47% SOEC 0.68 1.60 3.46 903.38 894.17 25.03 52.42
Wind, 47% SOEC 0.47 0.96 2.08 541.40 535.88 15.00 31.42
PV, 69% SOEC 0.83 2.05 4.44 1157.37 1145.57 32.07 67.16
Wind, 69% SOEC 0.58 1.29 2.79 726.78 719.37 20.14 42.17
PV, 100% SOEC 0.92 2.31 4.99 1301.23 1287.96 36.05 75.51
Wind, 100% SOEC 0.65 1.49 3.22 840.59 832.02 23.29 48.78
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Fig. 13 — The total decarbonization cost considering the blending into natural gas network and electricity consumption.

the renewable resource, a total CO; ayoideq 1S introduced which
is the saving from both blending and electricity consumption.
As shown in Fig. 13, such consideration effects strongly the
final results. Furthermore, the impact of blending percentage
is more evident. The positive EOP values indicate the cost
effectiveness of blending into natural gas which is due to the
high LCOH at the moment to substitute NG network. However,
in future if the LCOH falls behind the threshold value of 1.67
€/kgy,, blending cost would be equal to NG capex. Below such
value, negative EOP will be met indicating economic beneficial
for decarbonization instead of excessive price.

Conclusion

This research study is conducted to justify the application of
SOEC in commercial level. A layout composed of SOEC coupled
with AEC through a heat pump is proposed. The heat pump
system uses CO, operating in super critical state, recovering
waste heat correlated with AEC and utilize it for steam gener-
ation. Such steam is corresponding to SOEC thermal input.

The simulation results proves technical superiority
comparing with SOEC system in solo-mode. Some of the
noteworthy outcomes are listed as follow.

1. Recovering up to 76% of thermal power that initially was
exhausted by AEC.

2. COP equal to 3.25 for the sCO, HP for this application which
can be improved even more by changing boundary
conditions.

3. By assuming 500 kW RES, the production rate remains in
the range of 107—-138.9 Nm?/h of H, based on different size
of SOEC

4. The total efficiency of coupling system considering the
thermal input can be even higher than SOEC in stand-alone
mode. The results shows for SOEC/AEC size ratio equal or
greater than 1.0, the total efficiency can be higher than SOEC.

5. LCOH varies in the range of 3—10 €/kgy, in which wind
offers cheaper prices.

6. Such results can be significantly improved by reducing
technological cost of SOEC in near future or increasing the
size of power plant. In this case, LCOH below 4 €/kgy, is
reachable.
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Nomenclature
CAPEX Initial capital expenditures (€)
0&M Operation and maintenance cost (€)
LCOE  Levelized cost of energy (€/kWh)
LCOH Levelized cost of hydrogen (€/kg H,)
LHV Lower Heat Value (MJ/Nm?)
cop Coefficient of performance
EOP Energy overprice (€/GJ)
EE Energy efficiency
LC Levelized cost of gas (€/Nm?)
P Pressure (Bar)
@ Heat capacity (J/kg.°C)
T Temperature (.°C)
m Mas flow rate (kg/h)
m Annual production (kg)
h Enthalpy (KJ/kg)
Q Thermal power (kW)
W Thermodynamic work (kW)
E Energy (kWh)
p’ Power (kW)
efficiency
K Isentropic compression
f H, fraction in Natural gas blending
crf Capital recovery factor
i Annual interest rate

T Project lifetime (year)
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Subscripts

el Electric

th Thermal

sat saturation

sV Saturated vapor

sl Saturated liquid
w water

dp Design point

1 Losses

coupled Low and high temp electolysers coupling scenario
H Hot sink

C Cold sink

d Discharged

p Constant pressure
A Constant volume
regen  regeneration

tot total

Abbreviations

AEC Alkaline electrolysis

SOEC  Solid oxide electrolysis

PEM Proton exchange membrane
sCO, Supercritical CO,

GHG Greenhouse gases

HTE High temperature electrolysis
LTE Low temperature electrolysis
WGS Water Gas Shift

HP Heat Pump

RES Renewable energy source

PV photovoltaic

NG Natural gas

YSZ yttria stabilized zirconia
PFSA perflurosulfonated acid

LPG Liquid pressurized gas

H,NG  Hydrogen enriched natural gas
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