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ABSTRACT

The synthesis of methanol from captured carbon dioxide and green hydrogen could be a promising replacement
for the current fossil-based production. The major energy input and cost driver for such a process is the
electricity for hydrogen production. Time-variable electricity cost or availability thus motivates flexible
operation. However, it is unclear if each unit of the process should be operated flexibly, and if storage of
electricity or hydrogen reduces the methanol production cost. To answer these questions, we modeled a Power-
to-Methanol plant with batteries and hydrogen storage. Using this model, we solved a combined design and
scheduling optimization problem, which provides the optimal size of the units of the plant and their optimal
(quasi-stationary) operation. The annualized cost of methanol was minimized for a grid-connected and a stand-
alone case study considering current and future (2030) unit cost scenarios. The optimization results confirm
that storage, especially hydrogen storage, is particularly beneficial when the electricity price is high and highly
fluctuating. In future unit cost scenarios, batteries could play an even bigger role due to the expected significant
cost reduction. Irrespective of the presence of storage, the whole Power-to-Methanol plant should be operated

flexibly: even moderate flexibility of the methanol synthesis unit significantly reduces the production cost.

1. Introduction

Methanol is a promising liquid energy carrier [1] due to its rela-
tively high volumetric and gravimetric energy density and simple han-
dling, but it has a significantly lower roundtrip efficiency when com-
pared with other energy storage technologies, e.g., batteries [2]. Nev-
ertheless, even when it is not converted back to electricity, methanol
plays a big role as a platform chemical since it is widely used for the
synthesis of several products, e.g., formaldehyde, dimethyl ether, and
plastics and has high potential as alternative fuel or for the production
of other liquid fuels, e.g., gasoline and jet fuel [3].

Nowadays, methanol production mostly relies on fossil feedstocks,
e.g., natural gas and coal [3], therefore, the defossilization of its
chemical production process is essential. Methanol from biomass (bio-
methanol) and electricity-based methanol (e-methanol) could help
achieve this environmental goal for the chemical industry. Bio-methanol
production is, however, limited by the availability of residual biomass,
which could also be used to produce more complex molecules and
products [4,5]. E-methanol production relies on a CO, source and
renewable electricity availability: CO, can be obtained from point
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sources or from air [6], while renewable electricity can be supplied
by stand-alone and grid-connected generation parks. Because of the
expected increase of installed renewables [7] and the abundance of
CO, sources, e-methanol production (Power-to-Methanol) is considered
in this work.

Power-to-Methanol plants require high electricity input to produce
hydrogen via electrolysis. Because of this high electricity demand and
the high flexibility of methanol plants [8-10], demand-side manage-
ment [11,12] could be applied to reduce the production cost or to syn-
thesize the product according to the power availability [13]. However,
time-variable operation requires oversizing the plant for a fixed overall
production rate. Thus, the extent to which the plant is operated flexibly
has to be chosen carefully to balance operating and capital costs [10].
Oversizing of the electricity-demanding units combined with a product
or intermediate storage has often been proposed to deal with renew-
ables or fluctuating prices in different applications, e.g., chlor-alkali
electrolysis [14], Power-to-Fuel plants [15,16], and ammonia produc-
tion processes [17,18]. Storage technologies, e.g., batteries and tanks
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Table 1

Journal of Energy Storage 72 (2023) 108614

Relevant combined design and scheduling optimization works for the main Power-to-X processes with storage.

Power-to-X Grid- Stand- Battery  Hydrogen Other storage X-process Scheduling Problem
process connected alone storage technologies flexibility horizon formulation
Li et al. [22] P-to-NH, No Yes No Yes No Yes 1 day LP
Schulte Beerbiihl P-to-NH; Yes No No Yes No Yes 1 year NLP
et al. [23]
Osman et al. [24] P-to-NH, No Yes Yes Yes Yes No 1 year LP
Allman et al. [17][25] P-to-NH; No Yes No Yes Yes Yes 2-day moving MILP
horizon for 1 year

Chen et al. [26] P-to-CH;OH Yes® Yes No Yes No No 1 year NLP
Chen and Yang [27] P-to-CH;OH Yes? Yes No Yes Yes Yes 1 year LP
Svitni¢ and P-to-CH;OH No Yes Yes Yes Yes Yes Time series LP
Sundmacher [28] aggregation
This work P-to-CH;OH Yes Yes Yes Yes No Yes 60 days MINLP

2 Renewable plant as the main energy source; electricity grid as energy backup, but no hourly price variability was considered.

for intermediates, in support of Power-to-Methanol plants could there-
fore contribute to reducing the production cost of methanol. In fact,
batteries can decouple electricity production from its utilization, while
intermediate hydrogen storage can decouple hydrogen production from
its conversion into methanol.

While batteries and hydrogen storage systems are frequently used
and optimized in microgrids [19] and multi-energy systems [20] to
cope with renewables and variable loads, few works about hydrogen
storage and plant capacity optimization are found in the Power-to-
Chemical field (Table 1), for example, for Power-to-Gas [21] and
Power-to-Ammonia [22,23] plants. The interplay between batteries and
hydrogen storage has been investigated for Power-to-Ammonia plants:
both storage technologies were chosen by the Cplex optimizer for a
case study in which the production rate of ammonia was assumed
constant [24], while either the hydrogen storage or both storage tech-
nologies were chosen according to the solving method and case study in
another work [25]. As regards Power-to-Methanol, Chen et al. [26,27]
optimized the design of a plant also including hydrogen storage for
several scenarios. A more extended Power-to-Methanol process net-
work with multiple components and storage technologies, including
hydrogen storage and batteries, was optimized by Svitni¢ and Sund-
macher [28]. However, in these works [26-28], the model of highly
nonlinear components of the Power-to-Methanol plant is linearized
and the integer variables, which allow setting the operating limits of
the units, are avoided. This formulation makes, on the one hand, the
optimization problem easier to solve, on the other hand, the results less
accurate. Furthermore, these works do not investigate the possibility
of optimally exploiting electricity price variations in grid-connected
Power-to-Methanol plants with storage to minimize the methanol pro-
duction cost. Therefore, it is not clear whether batteries and hydrogen
storage are always beneficial from an economic perspective, especially
in grid-connected plants, and if and to what extent the methanol
synthesis unit should be operated flexibly even in their presence.

To tackle these questions and address the literature shortcomings,
we modeled a Power-to-Methanol plant with both a battery and hydro-
gen storage (Fig. 1) in GAMS [29] based on mass and energy balances
and performance models for the units. The resulting mixed-integer non-
linear programming (MINLP) problem considers combined design (in
particular sizing) and scheduling, accounting for the operating limits of
every unit, thus fully exploiting the potential of flexible operation [30].
We then optimized with BARON [31] the design of a grid-connected
and stand-alone Power-to-Methanol plant for single scheduling scenar-
ios to investigate how the optimal plant design depends on these. The
specific cost of methanol was used as the objective function and as the
metric to compare different configurations and case studies.

The remainder of the paper is structured as follows: in Sections 2
and 3, the investigated Power-to-Methanol plant and its model are
described; Sections 4 and 5 present the case studies and the formulation

of the optimization problems, while in Sections 6 and 7, the optimiza-
tion results are analyzed and the conclusions are drawn. Furthermore,
additional information and the GAMS code are provided in Appendix
and Supplementary Information.

2. System description

The investigated Power-to-Methanol concept (Fig. 1) is composed
of three key units, i.e., the water electrolyzer, the compression unit,
and the methanol synthesis plant. Additionally, a battery and hydrogen
storage are considered to investigate their role. A short description of
these units is provided in the following subsections.

2.1. Battery

Electricity can be stored electrochemically in batteries in order to
be used in following periods. Different battery technologies have been
developed for energy storage and automotive purposes [2]. For the
current work, we considered a lithium-ion type battery because of the
high roundtrip efficiency (around 95%), high technological readiness
level due to the production on a large scale, and the expected cost
drop [2,32].

2.2. PEM water electrolyzer

The water electrolyzer is the key component of the investigated
Power-to-Methanol concept. Among alternative electrolysis technolo-
gies, we chose Polymer Electrolyte Membrane water electrolyzers (PEM-
WE) since they have high technological maturity and efficiency, wide
operating limits [33], and they are reported to be particularly suitable
to follow variable power inputs [34,35].

Furthermore, PEM-WEs can be operated at relatively high pressures.
On the one hand, pressurized electrolyzers have a lower efficiency
(higher operating costs); on the other hand, they reduce the size
and cost of the downstream compression unit. The trade-off between
higher capital or operating cost depends on the considered boundary
conditions, e.g., electricity cost and delivery hydrogen pressure, and
will be investigated for the considered Power-to-Methanol plant.

2.3. Hydrogen compression unit

Hydrogen has to be compressed from the pressure at the outlet of
the electrolyzer up to the delivery pressure. Although several compres-
sion technologies are available, e.g., mechanical and electrochemical
compression, only reciprocating and centrifugal hydrogen compressors
have reached a high technological maturity on a large scale [36]. We
selected centrifugal compressors because of their high reliability and
capability of handling high hydrogen flow rates.
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Fig. 1. Sketch of the Power-to-Methanol plant with battery and hydrogen storage. The plant configurations with only the battery, with only the hydrogen storage, and without

any storage were also considered (not shown here).

The delivery pressure of hydrogen that the compression unit has
to reach varies according to the plant configuration. In absence of
hydrogen storage, the delivery pressure matches the operating pressure
of the methanol synthesis plant (75 bar). In case intermediate H,
storage is present, the delivery pressure varies over time according to
the pressure inside the storage.

For the considered case studies, a compression unit without interme-
diate cooling is sufficient to supply hydrogen at the delivery pressure.
The compressed hydrogen is then cooled to 25 °C before being injected
into the hydrogen storage or supplied to the methanol synthesis plant.

2.4. Hydrogen storage

Hydrogen can be stored either physically, i.e., as liquid or gas, or
in some materials via chemical or physical sorption [37]. We chose
physical-based storage for the considered application since it is the
most mature technology [37].

Storing hydrogen as a liquid allows for increasing its energy density,
thus reducing the size of the storage. However, this solution requires
a dedicated liquefaction plant, which significantly increases the overall
plant complexity and cost. Instead, gaseous storage does not need dedi-
cated plants except for a compression unit. There are two main gaseous
storage alternatives, i.e., above-ground in vessels and underground in
caverns [37,38]. The use of pressurized vessels was chosen since it
is geographically unconstrained. Among the several types of above-
ground hydrogen storage [37,39], hydrogen vessels of type I [37] are
the most suitable for stationary applications for the pressure range of
interest (maximum pressure below 200 bar) as they are the cheapest.

2.5. Methanol synthesis plant

Methanol can be produced from carbon dioxide and hydrogen either
directly or indirectly. In the direct route, CO, is directly converted
to methanol via hydrogenation. In the indirect route, CO, is first
reduced to carbon monoxide either thermochemically or electrochemi-
cally and then mixed with hydrogen to produce syngas that is converted
to methanol. The intermediate production of syngas aims at using
the consolidated know-how of methanol production from fossil fuels,
e.g., natural gas. The direct pathway is gaining relevance in the last
decades because of the lower plant complexity, overall efficiency, and
economic feasibility [40]. For this reason, the direct hydrogenation of
CO, to methanol pathway was chosen.

3. Model

The Power-to-Methanol plant with storage is modeled via mass
and energy balances and by considering discrete time dynamics. We
assumed quasi-stationary operation for each unit except for storage.
Also, cost functions are used to estimate capital and operating costs.
The overall model was not linearized to obtain more accurate results
since some equations are highly nonlinear. In this section, the main
modeling equations of each unit are presented. For the complete model
and the GAMS code, we refer to the Supplementary Information.

3.1. Battery

The battery is modeled via the energy balance

P
Mdisch

Ey (1) = Ep(t — A1) - (1 = reeir—gisch) + Pin(®) - fiep - 41 = 4r,
where E(r) is the energy content, P, (f) the power input from the
grid, P, (1) the power in DC that can be effectively used, and At
the discretization time step. The values for the charging (1) and
discharging (ngs) efficiencies and the self-discharge rate (rer_gisch)
were considered constant (see Supplementary Information). The hourly
self-discharge rate was estimated by considering an energy loss of 0.2%
per day [2]. Other modeling approaches, e.g., efficiencies as a function
of the current and of the state of charge of the battery [41], would
have improved the accuracy but also increased the complexity of the
optimization problem.

The power output of the battery can be supplied to the water
electrolyzer (P,,_pg\(?)) or to the grid (P, (1)) if converted from DC
to AC:

o—grid

Pm— grid O}

Py ()=
Ibc-AC

+ Po_pem®).

The capital cost of the battery was estimated from its nominal
capacity. The specific cost of 310 $/kWh (the average installation cost
of utility-scale stationary battery systems in 2020 [32]) was considered
and updated to the reference year (2021).

3.2. PEM water electrolyzer

The water electrolysis unit is composed of several electrolysis mod-
ules. The main specifications of the considered electrolyzer module
are summarized in Table 2. The PEM water electrolyzer module was
modeled by considering the equations and parameters in Jarvinen
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Table 2
Main specifications of the considered PEM water electrolyzer module.
Values
Operating temperature 75 °C
Operating pressure range 20-40 bar
Nominal power per module 2.0 MW
Maximum power per module 2.5 MW

et al. [42]. Two additional assumptions were made: i) the Faradaic ef-
ficiency is equal to one, and (ii) the pressure dependency is considered
in the Nernst equation only.

Since the equation-based model contains several variables that are
unnecessary for the current scope and would slow down the optimizer,
we replaced the electrolyzer model with a polynomial fit of its ef-
ficiency (based on the lower heating value, see Appendix A.1). The
electrolyzer efficiency was then used to calculate the hydrogen mass
flow rate, the power, and cooling demand.

Additional operating costs were considered for the auxiliaries, e.g.,
the power electronics units and pumps. In particular, the additional
energy consumption was assumed equal to the 5% of the electric-
ity needed to operate the electrolyzer (constant value for the whole
operating range of the electrolyzer).

The capital cost of the PEM electrolyzer was calculated by multi-
plying the nominal power of the electrolyzer by the specific cost in
€/kW, which was calculated with the correlation proposed by Reksten
et al. [43]. The maximum power of the electrolyzer could have been
used in the correlation for a more conservative cost estimation. In fact,
PEM electrolyzers can be operated at a maximum power significantly
higher than the nominal one (up to 150% [35]; 125% in our case, see
Table 2), even though for a limited amount of time [35]. However,
the value of the nominal power of the electrolysis unit is generally
considered in these correlations. To also take into account civil works
and installation costs, a multiplying factor of 1.75 was assumed. Ad-
ditionally, a second electrolysis unit is considered to be purchased in
the tenth year, since the typical lifetime of PEM electrolyzers (30-90
kh [33]) is shorter than the typical lifetime of the chemical plant (20—
30 years). This choice indirectly accounts for accelerated degradation
when the electrolyzer is operated flexibly since the electrolysis unit is
substituted in the tenth year although the number of yearly equivalent
operating hours is lower than when it is constantly operated in steady
state (8000 h/y).

3.3. Hydrogen compression unit

A multi-stage centrifugal compressor was considered in the plant.
This compression technology has an operating range of around 50%-
100% [36] if variable rotating speed [44] or variable inlet guide
vanes [45] are used. As the other units have a wider operating range,
the operation of two compressors in parallel was considered to extend
it to 25%-100%, although this affects the capital cost of the unit
(economy of scale). The use of a low-pressure buffer tank before the
compression unit was not considered, although it would have further
increased the flexibility of the plant.

The overall power of compression (P.,,,,(?)) is calculated as follows:

omp

c, - T, k=1
Prommp(t) = rigy (1) - ———— - <ﬁ<z><7) - 1) :

18 mec
where tig, (£, Cps and k are the hydrogen mass flow rate, the specific
heat at constant pressure, and the heat capacity ratio of hydrogen, re-
spectively, T;, the hydrogen temperature at the inlet of the compression
unit (assumed equal to 298 K), f(r) the pressure ratio, and #;, and #,,,.
the isentropic and mechanical efficiencies. The isentropic efficiency was
assumed constant over the operating range and conservatively equal to
0.8 [36,44]. A validation of the model of the compressor can be found
in Appendix A.2.
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The pressure ratio is determined by the operating pressure of the
electrolyzer and the pressure inside the hydrogen storage unless a
bypass of the hydrogen storage is considered. With a bypass, some
compression energy could be saved depending on the electricity price,
the operating load of the methanol synthesis plant, and the pressure
inside the storage. However, this configuration was not considered
in this work. Also, no hydrogen losses were considered during the
compression phase since they are lower than 0.5% [36].

The compressed hydrogen is then cooled in a single heat exchanger
to 298 K. The cooling demand was assumed equal to the power needed
for compression. The capital cost of these components was estimated
at the maximum flow rate condition by using the cost models proposed
by Biegler et al. [46].

3.4. Hydrogen storage

The amount of hydrogen available in the vessel (MHz(t)) is calcu-
lated with the following mass balance:

My, (1) = My, (t — A1) + 1y, o (1) - At — (1) - At,

I
Hy MeoH

where M, o (¢) is the hydrogen flow rate produced by the electrolyzer,
and g, reon ) the hydrogen flow rate consumed in the methanol
synthesis plant.

The hydrogen storage was assumed isothermal at 298 K, and the
pressure inside the storage (p(r)) was estimated from the available
hydrogen inside the storage by using a linear interpolation of the
density (p) (Appendix A.2). As the methanol synthesis occurs at a
pressure of 75 bar, the minimum pressure of the storage is set to that
value. The available hydrogen stored in the vessel at the time step t
and its pressure are, therefore, calculated as follows:

kg
m3bar

My, () =V (0o = P75 ban) & V - 0.073 - (p(1) = 75 bar),

where V is the volume of the storage, which was considered as a
continuous variable, even though multiple hydrogen vessels of limited
size would be probably needed in large-scale plants [38].

The capital cost of the storage was estimated by using the specific
cost per unit of volume. Further details can be found in Appendix A.3.

3.5. Methanol synthesis plant

The methanol synthesis plant was modeled in Aspen Plus® V11 (see
Appendix A.4 for more details). However, such a detailed model cannot
be embedded in GAMS and handled by the optimizer. Therefore, the
key information about efficiency, mass flow rates, and energy demand
was extracted to build a simplified algebraic model of the plant. In
particular, the produced methanol mass flow rate depends linearly
on the hydrogen flow rate (assumption of constant efficiency for the
methanol synthesis plant), while the electricity demand, the cooling
demand, and the inlet CO, mass flow rate scale linearly with the
methanol production rate. The efficiency of the methanol synthesis
plant is assumed constant in the operating range since it is not expected
to have significant changes when varying the methanol plant load,
especially if relatively low ramp rates (< 50%/h) are considered [9].
The complete model can be found in the GAMS file provided in the
Supplementary Information.

While the H, production is simulated by the model of the electroly-
sis unit (Section 3.2), the model of the carbon capture unit for the CO,
supply was not included in the optimization problem. Therefore, it was
assumed that a suitable CO, stream can be supplied to the methanol
synthesis plant at every time step.

The capital cost of the methanol synthesis plant (CAPEX) was esti-
mated by using the Aspen Plus model (Appendix A.4) as the reference
in the regression function, which is defined as:

M b
CAPEX = CAPEX,; - <ﬂ> ,
MeOH, ref
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Fig. 2. Electricity price scenarios [49].

where b is the regressive exponent (equal to 0.6 for the six-tenths rule),
to evaluate the CAPEX for different plant capacities (My;op). Further
details about the cost estimation can be found in Appendix A.5.

4. Case studies

The production of e-methanol as a platform chemical was investi-
gated via the Power-to-Methanol model described in Section 3. The role
of storage and flexibility in the Power-to-Methanol plant was analyzed
for two case studies, i.e., grid-connected and stand-alone plants.

For both case studies, two-month scenarios were considered and
discretized with hourly resolution (1440 time steps) for the scheduling
problem. The relatively short time frame is motivated by the size of the
optimization problems (the number of variables and constraints scale
linearly with the number of time steps unless time-aggregation series
techniques are used [47]) and by the fact that no seasonal storage
of hydrogen and electricity is expected. In fact, as the investment
cost for storage scales with its size and methanol is the final product,
the methanol plant is most likely operated almost continuously, thus
meaning that the stored H, and electricity will be used in a relatively
short term in case the electricity is expensive or the renewable power
is not sufficient to produce enough hydrogen via electrolysis for the
methanol plant. Nevertheless, this time frame allows considering price
and renewable power variations that occur on different time scales,
e.g., electricity price variation between working and weekend days for
multiple weeks, and the diurnal effects on renewable power genera-
tion. Furthermore, as the plant units have high ramp rates and fast
dynamics [2,8,9,35][48] compared with the considered time step (1 h),
quasi-stationarity at the operating points was assumed: the plant is
considered in steady-state at each time step independently from the
operating point at the previous time step.

For the grid-connected case study, we assumed that there are no
limitations in terms of power availability, and that the amount of
energy exchanged with the grid does not affect the electricity price.
Two electricity price scenarios based on historical day-ahead elec-
tricity prices of Germany (the first 60 days of the years 2021 and
2022, bidding zone BZN|DE-LU of Germany [49]) were analyzed. The
scenarios differ significantly in terms of mean value and standard devi-
ation (Fig. 2), representing a low-price scenario with a small standard
deviation, and a high-price scenario with a high standard deviation.
Although producing low carbon footprint e-methanol is desirable, high
penetration of renewables in the electricity grid is not a necessary
assumption for this work since we used methanol production cost as
the metric. Nevertheless, the considered electricity price profiles are
intended to be two possible and very different indications of future
electricity price scenarios when the carbon footprint of the electricity
will be lower.

For the stand-alone case study, the power is assumed to be produced
by a dedicated renewable generation park composed of wind and pho-
tovoltaic plants. The considered power generation profiles (Fig. 3) do
not belong to any specific power plant, but they were taken from Ger-
man historical data (May-June 2022 and November-December 2022,
bidding zone BZN|DE-LU of Germany [49]) and scaled to a typical size
for large renewable parks (126 MW and 110 MW in nominal conditions
for wind and photovoltaic plants, respectively). The considered profiles
were chosen to represent the two extremes, i.e., renewable generation
in summer (characterized by high peaks due to photovoltaic plants) and
in winter (when wind power production plays the major role), since
no yearly seasonality could be considered in a single scheduling sce-
nario due to computational issues. Furthermore, the complementarity
of photovoltaic and wind power generation throughout the year also
reduces the production costs [28] and the need for seasonal (hydrogen)
storage, thus meaning the estimated size of storage in the two-month
scenario might be most likely sufficient. Additional assumptions were
made: i) the forecast of the energy production from the renewable
generation park is perfect, ii) the cost of electricity is null since the
capital cost of the renewable plants [50] and the O&M expenditures
are included in the methanol production cost calculation, iii) the sum
of the electricity demand of the whole Power-to-Methanol plant must
be less than or equal to the electricity available for each time step; iv)
electricity in the battery can also be converted to AC to supply energy to
the methanol synthesis plant in case of renewable production shortage;
v) the eventual excess of electricity is curtailed.

To investigate the role of storage, four plant configurations were
considered, i.e., the Power-to-Methanol plant without storage, with a
battery, with H, storage, and with both storage technologies (Fig. 4)
in the grid-connected case study. In the stand-alone case study instead,
only the Power-to-Methanol plant configuration with both storage tech-
nologies was considered since storage is essential to grant continuous
operation of the downstream plant. In fact, the battery can supply en-
ergy to the plant in case of a temporary electricity generation shortage,
while the H, vessel can supply H, to the methanol synthesis plant when
the electricity production is not sufficient to run the electrolysis unit.

Furthermore, as the investment cost of some of the units is expected
to have a significant reduction due to the high learning rates, the
optimization problems were also solved by considering capital cost
predictions for the year 2030 (Scenario 2030). The assumed values can
be found in Appendix A.6.

Finally, the annualized cost of methanol (Cy.oy) was used as a
metric to compare the configurations for each case study. It is defined
as:

CAPEX, + CAPEX gy - (1 + )70 + T¥ (O&M + OPEX ) - (1 + )7/
Cymeon = N N ’
2j=1(MMeOH.y) L+
where CAPEX,,, O&M, and OPEX, are the initial capital expenditures,
the yearly operation and maintenance, and the operating costs of the
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Fig. 4. Investigated Power-to-Methanol plant configurations: a) without any storage, b) with a battery, ¢) with H, storage, and d) with battery and H, storage.

plant, respectively, N the number of operating years, Myon, y the
yearly production of methanol, and i the discount rate. Additionally,
a replacement of the electrolysis unit at the end of the tenth year
is considered (see Section 3.2). No salvage value of the plant was
considered in order to have a conservative estimation of the methanol
production cost. The capital cost of the single units was calculated with
the cost models described in Section 3 as the result of the optimal
design. The operating costs were calculated as the result of the optimal
scheduling as well as the methanol production. In fact, no methanol
production target was set in order not to limit the economic savings
from scheduling. Therefore, methanol production is mainly limited by
the ranges of the optimization variables, e.g., the size of the electrolysis
unit, or the availability of renewable energy. Nevertheless, a minimum
value of 40 kt/y, half of the maximum methanol production for the
considered boundaries, was set for the grid-connected case studies to
avoid not meaningful solutions with the assumed cheap future cost
of batteries (see Section 6). Further assumptions for the economic
evaluations are summarized in Table 3.

5. Optimization
The combined design and scheduling optimization problems were

formulated in GAMS 38.2.1 [29] and solved on an Intel Xeon Gold
6226 CPU with 2.7 GHz and 384 GB RAM. These MINLP problems were

Table 3
Main assumptions for the economic evaluations.
Values

Operating weeks per year for the methanol synthesis plant 48 w/y
Lifetime of the Power-to-Methanol plant 20y
Yearly O&M as % of the initial CAPEX, 5%
Discount rate i 5%
$ to € conversion factor 0.85
Cooling cost 1 €/MWh
CO, stream cost 50 €/t [3]

initialized with a starting solution found after a multi-start local search
and then solved with the global optimizer BARON, version 22.2.3 [31].
Two stopping criteria were considered for the optimizer, i.e., an op-
timality gap of 0.01 and the CPU time limit of 12 h. Unfortunately,
the relative difference between the upper bound (best feasible solution
found) and the lower bound (best possible solution) did not reach the
required optimality gap within the computational time limit in most
of the optimization problems, thus, overall global optimality cannot
be guaranteed. Nevertheless, the upper bound stabilized after a few
iterations, thus suggesting that the convergence issues were mainly due
to the difficulty of proving global optimality with wide variable bounds
(global optima were proven in some of the problems after tightening
the variable bounds). In preliminary analyses, we also tested Knitro,
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Design and scheduling variables of the optimization problem for the grid-connected and stand-alone case studies. A short description of the variable and the considered upper and

lower bounds are also provided.

Unit Symbol Description of the design variable Min value Max value
Battery Ep. nom Energy capacity 5 MWh 400 MWh
PEM-WE Nooa Number of modules 10 40
PpEM Operating pressure 20 bar 40 bar
H, compression Proax Maximum pressure ratio 1.88 3.50
H, storage 14 Volume of the vessel 25 m’ 7500 m’
Tty onom Nominal H, flow rate for the methanol synthesis plant 0.4 t/h 2 t/h
Unit Symbol Description of the scheduling variable Min value Max value
Battery P, Power input 0.5 MW? min(100 MW, (0.9 -E, ,,/1h))
Xp, in (1) Binary to decide when the battery is charged 0 1
Xp, out (1) Binary to decide when the battery is discharged 0 1
Piogria(0) Power output, electricity back to the grid (AC) 0.5 MW? min(100 MW, (0.9 -E, ,,../1h))
Pro_ppm () Power output, electricity to the electrolyzer 0.5 MW? min(100 MW, (0.9 -E, ,./1h))
PEM-WE Pyig(1) Power directly from the grid/renewable plant 0.5 MW N 4" 2.5 MW N4
Xon—off (1) Binary to activate or deactivate the electrolyzer 0 1
H, storage g, o @ H, flow rate for the methanol synthesis plant 0.2 ity 1 nom [T——

2 0 MW if the unit is not operating.

ANTIGONE, SCIP, and DICOPT, but their performance was worse than
that of BARON.

For all the considered case studies, the annualized cost of methanol
(Cymeon) Was minimized. In the following subsections, the optimization
variables and the main constraints are discussed.

5.1. Optimization variables

The considered optimization variables can be divided into two
categories: design and scheduling variables. The design variables allow
defining the optimal size and capacities of the units, which mainly
contribute to the investment cost, while the scheduling variables how
the units are operated, thus affecting the operating costs and the
production rates.

As regards the plant design, the size of the battery, electrolyzer,
compression unit, H, storage, and methanol synthesis plant was op-
timized. In particular, the size of the methanol synthesis plant was
estimated from the nominal H, input stream since a constant hydrogen
conversion efficiency was assumed for the methanol plant (see Sec-
tion 3.5 and [9]). This modeling choice allows reducing the number of
variables seen by the optimizer, thus improving the computational per-
formance. The nominal H, input stream in the methanol plant can differ
from the maximum hydrogen production rate of the electrolysis unit
in case there is H, storage. Two additional design variables that also
have a high impact on the operating phase were considered, i.e., the
operating pressure of the electrolysis unit and the maximum pressure
ratio of the compressor. The first affects the electrolyzer efficiency as
well as the size of the downstream compression unit, while the second
determines the maximum pressure that can be achieved in the H,
storage. The choice of these two design variables aims at capturing the
interplay between the size of the compression unit and the H, storage.

A summary of the design variables and their bounds can be found in
Table 4. A maximum size of 100 MW (40 modules) was considered as
representative of the electrolyzer size in the short-term future [43]. The
maximum size of the battery and H, storage was defined accordingly
in order to provide a few hours of storage (around 4 h and 18 h,
respectively, when the electrolyzer size is 100 MW). The electrolyzer
pressure range is typical for PEM water electrolyzers. The maximum
pressure ratio of the compressor unit is limited by technical issues,
e.g., discharge temperature [36] and overall efficiency.

In order to calculate the optimal scheduling, optimization vari-
ables for the battery, the electrolyzer, and the H, storage were intro-
duced. For the battery, the power input (P,,(¢)) and the power output
(Pro—gria(?) and P,_ppy (1)) were optimized. Additionally, two sets of
binary variables (x, ;,(t) and x, ,,(t)) were introduced to define op-
erational constraints. Similarly, the power taken from the grid (Pyiq(1))

and a binary variable (x,,_.;(#)) were considered for the electrolysis
unit. The hydrogen flow rate fed into the methanol synthesis plant
(mHZ.McOH(t)) determines the methanol production rate over time. The
bounds of the operational variables for optimization depend on both
the design optimization variables and technical constraints and will be
discussed in more detail in Section 5.2.

The variables in Table 4 are shown for the more general configu-
ration of the Power-to-Methanol plant with both storage technologies.
Though the four investigated configurations (Fig. 4) could have been
optimized via a single superstructure optimization problem by intro-
ducing binary variables, enumeration was preferred in order to limit
the complexity of the optimization problem, which already counts
11526 variables (6 design and 11520 scheduling variables) for the
flexible Power-to-Methanol plant with both storage technologies. The
optimization problem was modified when considering simpler plant
configurations (no storage and no flexibility) to reduce the problem size
and improve convergence.

5.2. Operation constraints

The operation of the Power-to-Methanol plant depends on the size
of the units and on their operational limits.

Batteries have wide operating ranges with respect to their state of
charge [2]. In order to prevent deep discharge phenomena, a minimum
state of charge of 10% was assumed. Some operational constraints on
the hourly energy flows were also set. When active, a minimum power
flow of 0.5 MW was considered in order to avoid small energy transfers,
which would not be feasible for the power electronics in large plants.
The maximum charge and discharge rates were also limited by either
the nominal capacity of the battery or the maximum power of the
electrolyzer (100 MW).

PEM water electrolyzers also have extremely wide operating limits
(0%-160% relative to the nominal load [33]). However, we considered
an operating range of 25%-125% since the downstream compression
unit has a narrower operating range (25%-100% of the H, flow rate)
and no buffer tank was considered between the electrolyzer and the
compressor unit.

The H, storage located after the compression unit has a 0%-100%
operating range, where 0% corresponds to the pressure inside the
storage of 75 bar (no H, available for the methanol synthesis in the
storage).

The methanol synthesis plant was assumed to always be operating
over the considered time horizon within a range of 20%-100% of the
nominal load [8]. This choice also allows avoiding the implementation
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Fig. 5. Power of the PEM electrolyzer for two levels of flexibility of the methanol synthesis plant, i.e., ‘No flexibility’ and ‘10%/h flexibility’. The results are shown for the
Power-to-Methanol plant without any storage for the low-price low-variable electricity price scenario (top part of the figure).

Table 5
Summary of the operation ranges of the plant units
(minimum-maximum load).

Unit Operating range
Battery 10%-100%
PEM-WE 25-125%"
H, compression 25%-100%
H, storage 0%-100%

Methanol synthesis plant 20%-100%

@ Referred to the nominal load.

of additional optimization variables for the on-off, start-up and shut-
down phases and the introduction of an economic penalty due to the
energy and hydrogen consumption during these phases.

As mentioned in Section 5.1, the methanol flow rate is calculated
from the hydrogen flow rate fed into the methanol synthesis plant
(thZMeOH (). This hydrogen flow is equal to the hydrogen flow pro-
duced by the electrolyzer unless there is the H, storage. In this case,
the hydrogen flow to the methanol synthesis plant is considered an
optimization variable. Furthermore, to investigate the effect of the
flexibility of the methanol synthesis plant on its production cost, the
following ramp constraint was set:

|mH2‘MeOH - MH, Meon (t—4n] <RL- MH, Meonsnom>

where RL is the maximum ramp limit expressed in percentage, and
LTR— the nominal H, flow rate fed into the methanol synthesis
plant. In case no flexibility was considered, steady-state operation at
the nominal capacity of the methanol synthesis plant was assumed.

A summary of the operating limits and of the operational constraints
can be found in Tables 4 and 5. We refer to the GAMS files in the
Supplementary Information for the implementation of all constraints.

6. Results and discussion

In this section, the optimization results for the two case studies
(grid-connected and stand-alone) are shown.

Table 6

Optimization results for the grid-connected case study without storage for the low-price
low-variable electricity price scenario. Refer to Appendix A.7 for the complete results.

Flexibility Specific cost of MeOH MeOH, CAPEX, OPEX,
%/h €/kg kt ME€ ME
0 0.91 80.3 133 51

5 0.90 76.2 133 46
10 0.90 75.7 133 46

6.1. Grid-connected case study

In order to investigate the role of storage, we compared the four
plant configurations (Fig. 4) for both a low-price low-variable and a
high-price highly-variable electricity profile scenarios (Fig. 2). The role
of flexibility was investigated by varying the maximum ramp limit (RL)
of the methanol synthesis plant (in %/h of the nominal load).

6.1.1. Low-price low-variable scenario (Historical 2021)

The calculated specific cost for methanol is around 0.9 €/kg. As
shown in Table 6, the specific cost gets slightly lower (around 1%)
by allowing flexible operation of the methanol synthesis plant. Since
the optimal size of the methanol synthesis plant does not change by
allowing flexibility in all the configurations for this electricity scenario
(the electrolyzer size is at its upper bound), the cost reduction is due
to the savings on the operating costs, although the overall methanol
production is reduced because of the part-load operation. In fact, if
the methanol synthesis plant is operated flexibly, the electrolyzer, the
most energy-intense unit, can be operated at the maximum load when
the electricity is cheap, and at a lower load when the electricity is
expensive (Fig. 5). Nevertheless, the capacity factor of the methanol
synthesis plant is above 94% (calculated on the working hours) even
when the plant is operated flexibly in the considered scenario.

Storage does not improve the economic competitiveness of the
plant in this scenario: the optimal solution is without any storage.
The potential operating cost savings due to storage do not repay the
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Optimization results for the grid-connected case study for the high-price high-variable electricity price scenario. Only the results of the Power-
to-Methanol configurations with (B&V) and without (No B&V) both storage technologies are shown here. Refer to Appendix A.7 for the complete

results.
Flexibility Specific cost of MeOH Eny, 14 MeOH, CAPEX, OPEX,

%/h €/kg MWh m’ kt ME ME
No B&V 0 2.02 - - 80.7 135 141
B&V 0 1.86 115 4730 47.0 196 57
No B&V 5 1.75 - - 49.5 133 64
B&V 5 1.69 116 1210 42.4 179 43
No B&V 25 1.72 - - 49.4 133 63
B&V 25 1.68 111 1040 42.9 177 44

investment cost for storage because of the relatively low mean value
and standard deviation of the electricity price profile.

As regards the other design variables, the optimal pressure of the
electrolyzer reaches the upper bound (Table A.7), which means that
the increased operating costs due to the reduction of the electrolysis
efficiency are lower than the additional capital cost that a bigger
compression unit would have had. Also, the nominal hydrogen flow
rate for the methanol synthesis plant is equal to the maximum hydrogen
production of the electrolyzer since decoupling H, storage is not used.
An optimal design solution close to the upper bounds was expected for
not highly fluctuating electricity price profiles without restrictions on
power availability since the cost of the plant components benefits the
economy of scale.

Similar conclusions can be drawn when considering lower capital
costs for the storage and electrolysis units (Scenario 2030). In fact,
the relatively small fluctuations in the electricity price profile do not
make storage technologies an economically viable solution, even with
the reduced future costs of the storage units.

6.1.2. High-price high-variable scenario (Historical 2022)

In this scenario, the methanol cost is around two times higher
than the low-price scenario, thus showing the high influence of the
electricity price on the final cost of the product (Fig. 6).

Flexible operation significantly (10%-15%) reduces the methanol
cost compared to the previous scenario. In particular, there is a steep
decrease in the methanol cost from the ‘No flexibility’ and ‘5%/h
flexibility’ cases (Table 7). This result is explained by the fact that
a relevant part of the hourly price variations is lower than 5% (see
Appendix A.6) and by the possibility of reducing the production rate
of methanol during the highly expensive electricity hours that charac-
terize this scenario. This frequent, though optimal, operation at part
loads reduces the methanol synthesis plant capacity factor to around
60% for all the configurations in this electricity price scenario. Further
minor relative reductions of the cost can be noticed when higher ramp
limits are allowed since the methanol production rate can adapt better
to the highly fluctuating electricity price profile.

In this scenario, storage plays a relevant role, regardless of whether
the methanol synthesis plant is operated constantly at nominal load or
flexibly. The presence of the hydrogen vessel has the highest impact
on the methanol cost since it decouples the production and the con-
sumption of hydrogen and allows downsizing the methanol synthesis
plant (7% to 40% when operating flexibly and constantly at nominal
load, respectively). Thanks to the H, storage, the electrolyzer can be
turned off during expensive electricity hours (Figs. 7 and 8), while
the downstream plant is still producing methanol. Nevertheless, the
optimal storage size gets lower in case the MeOH plant is operated
flexibly, as already observed in literature [16,22,27]. Furthermore, the
methanol synthesis plant with H, storage has a smoother operational
profile than the case without H, storage (see the bottom part of Fig. 8).
The battery unit also contributes to reducing the methanol cost by
both supporting the electrolyzer and selling electricity back to the grid
(Table A.6), thus reducing the operating costs (Fig. 6). Interestingly,
more electricity can be sold to the grid during expensive electricity

hours if hydrogen storage is present since the hydrogen demand of
the methanol plant can still be met while the electricity stored in the
battery can be sold instead of supplying it to the electrolyzer.

As regards the design of the Power-to-Methanol plant, the elec-
trolyzer size always reaches the upper bound (see Table A.8). The
nominal hydrogen flow rate into the methanol plant differs from the
maximum amount of hydrogen that can be produced from the elec-
trolyzer (around 1.9 t/h) only when there is H, storage. Interestingly,
when there is no H, storage and the methanol synthesis plant is
operated constantly at nominal load, more efficient production of
hydrogen seems to be favored because of the high cost of electricity:
The operating pressure is below the upper bound (around 31.5 bar),
differently from all the other configurations.

When considering the future unit cost scenario, the methanol pro-
duction cost is lower (Table A.9). Analogously to the current unit cost
scenario, flexibility plays an important role in reducing the methanol
production cost and the Power-to-Methanol plant with both storage
technologies is still the best option (Fig. 6).

Thanks to the reduction of the installation cost of storage, big-
ger storage units, especially the battery, are chosen by the optimizer
(Table A.9). In fact, the battery provides not only electricity to the
electrolyzer but also generates high revenues by selling electricity
back to the grid during expensive electricity hours (Table A.6), thus
reducing significantly the overall operating costs. Due to the considered
boundaries, e.g., the charging and discharging rate limits of the battery
(100 MW), and the high contribution of the operating costs to the
methanol production cost (Fig. 6), the optimizer chooses large-size
batteries and small electrolysis and methanol synthesis. In fact, smaller
electrolyzers and methanol synthesis units are less expensive and re-
quire less power, thus meaning that, during expensive electricity hours,
the battery can supply electricity to the Power-to-Methanol plant and
sell a large amount of the electricity to the grid generating revenues.
This combined effect on CAPEX and OPEX induced by the battery
effectively reduces the methanol production cost despite the reduction
of the amount of produced methanol. A minimum value for the yearly
methanol production was therefore set to 40 kt/y for the future unit
cost scenario. This value is always obtained when batteries are present
(Table A.9).

6.2. Stand-alone case study

Also in the stand-alone case study, flexible operation of the methanol
synthesis plant highly affects the specific cost of methanol in both
scenarios even though both storage technologies are used (Table 8). The
steep reduction of the cost between the ‘No flexibility’ and ‘5% flexibil-
ity’ case is mainly due to the possibility of increasing the consumption
of the available electricity and thus the methanol production (see the
reduction of the relative contribution of the renewable plants to the
methanol production cost in Figure A.5), although the capacity factor of
the methanol synthesis plant is around 60%. In both scenarios, the uti-
lization factor of the produced electricity rises from around 65%-70%
to over 90% (Figs. 9 and 10), thus reducing the renewable curtailment.
Even higher utilization factors are not economically optimal since a
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Fig. 6. Relative contribution to the methanol production cost (LCOM) of the investment cost of the units and of the operating costs for the ‘No flexibility’ and ‘25 %/h flexibility’
cases for 4 plant configurations, i.e., without any storage, with a battery, with a H, storage, and with both storage for the high-price high-variable electricity price scenario. The
current and future unit cost scenarios are shown at the top and bottom of the figure, respectively.

significantly higher storage capacity would be needed to completely
follow the few power peaks and its investment would not be repaid.
The maximum power that the Power-to-Methanol plant can consume
will therefore be lower than the installed capacity of the renewable
park as already observed in other works [21,27].

Storage is essential in the stand-alone configuration to grant con-
tinuous operation of the methanol synthesis plant in both scenarios,

10

especially in low-power production hours. H, storage always plays a
relevant role, though its optimal volume gets lower when allowing
increased flexibility: the optimizer chooses larger methanol synthesis
plant sizes rather than large storage capacities (Table 8). The battery
instead plays a minor role compared to the H, storage for the con-
sidered scenarios: the maximum amount of stored energy can satisfy
the maximum power demand of the electrolyzer for less than 1 h
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Fig. 7. Power of the PEM-WE taken from the grid over time and hydrogen produced by the electrolyzer for the ‘No flexibility’ case. The best (‘Battery & Vessel’) and worst (‘No
storage’) cases are shown. The electricity cost profile is also shown to better interpret the optimal scheduling. Note: the power profile might not match qualitatively the hydrogen
production profile for the Battery & Vessel configuration due to the additional power flowing from the battery unit.

Table 8

Optimization values for the stand-alone case study for the considered scenarios (May-Jun and Nov-Dec). Refer to Appendix A.7 for the complete

results.

Flexibility Specific cost of MeOH Eny,, Vv Nioa B, | opnom MeOH,
%/h €/kg MWh m? - t/h kt

May-Jun 0 1.78 70 5000 20 0.67 28.3
May-Jun 5 1.40 27 800 33 1.43 37.9
May-Jun 25 1.39 28 510 33 1.43 37.9
Nov-Dec 0 2.38 35 5930 15 0.46 19.5
Nov-Dec 5 1.70 23 940 28 1.22 29.2
Nov-Dec 25 1.69 17 900 26 1.15 28.5

* Bound.

(if flexibility is allowed). Nevertheless, it intensively exchanges power
with the system especially during the production peaks and shortages
when the electrolyzer cannot be operated (Figs. 9 and 10) and when
the electrolyzer cannot be operated at full capacity (also see Figures
A.6 and A.7).

When considering the future unit cost scenario, the main difference
lies in the significant reduction of the methanol production cost values
(9%-11%). Moreover, the methanol production cost from a flexible
stand-alone Power-to-Methanol plant is significantly lower than the one
from a grid-connected plant operated when electricity is expensive,
e.g., in the ‘high-price high-variability scenario’.

Differently from the high-price high-variability scenario of the grid-
connected case study, the optimal size of both storage does not change
significantly between the current and future unit cost scenarios since
the battery cannot act as pure energy storage by speculating on elec-
tricity price differences. Nevertheless, a bigger battery and a relatively
smaller hydrogen storage were chosen by the optimizer for the not

11

flexible methanol plant for the May—June Scenario (Table A.10), prob-
ably because of the periodic and frequent peaks due to photovoltaic
generation.

6.3. Discussion

The optimal design of the Power-to-Methanol plant with and with-
out storage in both case studies is highly dependent on the considered
scenario. Nevertheless, general trends can be observed.

6.3.1. Role of flexibility

Flexible operation turned out to be an effective way to reduce
the methanol production cost in Power-to-Methanol plants both with
and without storage. This is mainly due to the wide operating range
of methanol synthesis plants (20%-100%), which has been shown to
play a big role in methanol cost reduction for flexible stand-alone
plants [28]. In fact, when the methanol plant is already operated
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Fig. 8. Power of the PEM-WE taken from the grid and H, flow rate produced by the electrolyzer and consumed in the methanol synthesis plant for the ‘25%/h flexibility’ case.
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might not match qualitatively the hydrogen production profile for the Battery & Vessel configuration due to the additional power flowing from the battery unit. Also, the hydrogen
production profile might not match the hydrogen consumption profile due to the hydrogen flowing from the vessel.

flexibly, the benefits obtained in our case studies by varying the ramp
rate, e.g., from 10%/h to 25%/h, are lower than the reported benefits
of extending the operating range of the methanol plant, e.g., from 75%—
100% to 50%-100% [28], since the energy consumption can be further
reduced when electricity is expensive or there is a renewable generation
shortage.

The cost reduction due to the flexibility for both the grid-connected
and stand-alone case studies is in line with other works in litera-
ture [21,27] even though a quantitative comparison is difficult as it
depends on the considered scenarios and boundaries.

For the grid-connected case study, the reduction of the methanol
production during the high-price hours allows reducing the operating
costs and, at the same time, the production cost of methanol (value in
agreement with the cost range calculated by IRENA (0.8-1.6 $/kg) [3]).
However, the optimal capacity factor of the methanol synthesis plant
highly depends on the electricity price scenario (94% and 60% for the
investigated scenarios with current unit costs).

In the stand-alone case study, flexible operation allows increas-
ing the utilization of the electricity from the renewable park and
the produced methanol, thus reducing the production cost. A similar
cost reduction between flexible and not flexible stand-alone Power-
to-Methanol plants can be found in literature (1.50-1.85 $/kg and
1.89-2.84 $/kg for flexible and not flexible Power-to-Methanol with

hydrogen storage [27]). The methanol cost reduction due to flexi-
bility obtained by Svitni¢ and Sundmacher [28] was instead lower
(1.39-1.58 $/kg and 1.46-1.75 $/kg for flexible and not flexible Power-
to-Methanol for the renewable availability scenario including both solar
and wind generation). However, this might be due to the fact that
operational constraints and nonlinearities are considered in this work
and that they considered a more extended process network (multiple
renewable generation, storage, and hydrogen production technologies),
which was able to provide relatively low production costs of methanol
even when the plant was operated in steady state. The even bigger
methanol production cost difference for the future unit cost scenario
(0.80-1.03 $/kg in [28] vs. 1.26-2.11 €/kg in this work) can be likely
explained by the different models, boundaries, and cost predictions as
well as the considered technologies in the process network. Further
reduction of the methanol production cost could be achieved in case
some electricity is taken from another source or the plant is interfaced
with the grid [26,27] since electricity can be sold (instead of curtailed)
or purchased in case of renewable generation surplus and shortage,
respectively.

The relative improvements in the objective function value get lower
by increasing the maximum allowed ramp rate of the methanol synthe-
sis plant. This aspect might be due to the considered time discretization
since electricity price and renewable production may in practice vary

12
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Fig. 10. Energy consumption, energy that is stored in the battery in that hour, and energy curtailed for the ‘No flexibility’ (top) and + ‘25%/h flexibility’ (bottom) cases (Nov-Dec

scenario).

on a shorter time scale. Nevertheless, flexibilization raises the issue
of degradation: it might be worth not carrying out extremely quick
load variations if these degrade the components of the plant, e.g., the
catalyst, and the related economic savings are small. The electrolyz-
ers could particularly suffer from degradation due to frequent load
changes, start-ups, and shut-downs and have a shorter operational
lifetime. However, these phenomena are still not well understood and
are difficult to model. An additional over-sizing of the electrolyzer
to consider the long-term efficiency loss [51] or considering different
operating strategies, e.g., avoiding frequent start-ups and shut-downs
by introducing a penalty function, could be alternative ways to take
into account these phenomena and refine the results. The possibility
of shutting down the methanol plant (not considered in this work)
could instead be beneficial [12] in case the economic penalty due to
degradation and start-ups/shut-downs procedures is not too high, since
it might reduce the optimal size and cost of storage.

13

6.3.2. Role of storage

The role of storage depends on the considered boundaries, especially
when the plant purchases electricity from the grid. When the electricity
is cheap and its profile is not highly fluctuating as in the historical
scenario 2021, the savings that the storage could allow are not suffi-
cient to repay the investment. If the electricity price is higher as in the
historical scenario 2022, storage improves the economic profitability of
the plant. Nevertheless, flexibilization of the methanol synthesis plant
has a greater economic benefit compared to adding storage.

For the considered boundary conditions and the current unit cost
scenario, the H, vessel provides big economic savings. The potential
of the H, vessel estimated in this optimization problem could even be
rather conservative. In fact, a hydrogen bypass could be applied when
the hydrogen consumption of the methanol synthesis plant is higher
than the produced hydrogen (mHZ,MCOH(t) > iy, (1)): the produced
hydrogen is compressed and directly fed into the methanol synthesis
plant together with the already pressurized hydrogen taken from the
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vessel. The bypass would save electricity in the compression unit since
the produced hydrogen has to be compressed up to the pressure of the
synthesis plant (75 bar) instead of the higher pressure inside the vessel.
From a post-analysis of the worst case (not flexible Power-to-Methanol
plant with H, storage for the high-price high-variability scenario), the
estimated economic savings of a bypass would be around 9% of the
operating costs of the compression unit, but less than 0.1% of the
overall yearly operating costs. However, modeling this configuration
would have introduced additional variables and complexity to the
optimization problem for a little improvement. Therefore, it was not
considered in this work.

Compared to the vessel, the benefit of battery on the production cost
is lower for the current unit cost scenario and the considered boundary
conditions despite the nearly ideal model; in fact, small capacities
are chosen by the optimizer. In the future unit cost scenario instead,
batteries become competitive and can effectively reduce the methanol
production cost when the electricity price is highly variable. In any
case, batteries play an essential role in stand-alone configurations to
supply electricity in case of shortage and to damp power production
fluctuations with a time scale lower than one hour (considered time
step). Also, the battery is used for short-term storage (a few hours).
For longer storage periods, the H, vessel seems to be a better option
since it does not suffer from self-discharge. Nevertheless, the potential
of batteries could change when considering other battery types [28] or
boundary conditions.

6.3.3. Challenges and opportunities for grid-connected Power-to-Methanol
plants

In this work, no constraints related to grid congestions were consid-
ered in the grid-connected case study, since it would have required the
choice of the location of the Power-to-Methanol plant and a dedicated
model of the grid [52], which was out of the scope. Nevertheless, its
consideration could have probably affected the optimization results
since bigger batteries could supply energy to the Power-to-Methanol
plant even in case of grid congestion.

Furthermore, a different optimal design of the Power-to-Methanol
plant would probably have been obtained by considering not only the
participation in the day-ahead market but also in the ancillary service
market with both the battery and the water electrolysis units (PEM
water electrolyzers can offer up to primary reserve [35], and the provi-
sion of ancillary services can reduce the hydrogen production cost [35,
53]): part of the capacity in MW of both units could be reserved to
help balancing the electricity grid for economic compensation. In fact,
bidding simultaneously in multiple markets has been shown to offer
relevant savings in operating costs [54,55]. In this case, the Power-to-
Methanol configuration with both storage technologies (Fig. 1) would
most likely be favored since it allows acting on these markets without
necessarily having a direct effect on methanol production thanks to the
buffer hydrogen vessel, which could damp quick hydrogen production
fluctuations related to grid reserve operation. The additional revenues
could make batteries more competitive, thus increasing their optimal
installed capacity, and might increase the oversize of the electrolysis
unit compared to the methanol synthesis plant or the size of the
hydrogen vessel since the electrolyzer would not be operated at its
maximum load.

6.3.4. Scenario-dependency

In this work, the role of storage and flexibility was analyzed for a
few rather different historical electricity price and renewable genera-
tion scenarios. Nevertheless, other scenarios could be investigated by
using the GAMS code provided with the Supplementary Information
since it was shown that the considered scenarios and boundaries can
significantly affect the optimal design of the plant. If there is no
certainty about the scenarios, multiple scenarios could be considered
in a two-stage stochastic design and scheduling optimization problem.
Also, the design of the plant for the stand-alone case study could
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be optimized over longer time frames to better account for the sea-
sonal behavior of renewable generation, especially when there is no
complementarity of renewable power production throughout the year.
However, reformulations of the optimization problem or time aggrega-
tion series techniques [47] should be used to reduce the computational
burden.

7. Conclusions

A combined design and scheduling optimization problem was for-
mulated in GAMS for a Power-to-Methanol plant with both a battery
and a hydrogen vessel to investigate the role of flexibility and stor-
age. This problem was solved with the optimizer BARON for a grid-
connected and stand-alone case study for different electricity price and
renewable generation profiles and unit cost scenarios.

Although overall global optimality cannot be guaranteed, the re-
sults suggest that flexible operation of the entire Power-to-Methanol
plant significantly reduces the production cost of methanol in every
case study. Also, it was noted that no significant cost reduction was
achieved by considering maximum ramp rates higher than 10%/h for
the considered scenarios and time discretization.

In the grid-connected case study, storage technologies play a rele-
vant role when the electricity profile is highly fluctuating and at a high
average price. In this scenario, the Power-to-Methanol configuration
with both the battery and the H, storage minimizes the methanol
production cost. However, among these two storage technologies, the
H, storage provides the major economic benefits since it allows the
decoupling between hydrogen production and conversion and thus a
downsizing of the methanol synthesis plant. In the stand-alone case
study, storage is essential in all the scenarios, and it is widely used re-
gardless of whether the methanol synthesis plant is operated constantly
at nominal load or flexibly.

When considering future (2030) unit cost reductions of the key
technologies, i.e., batteries, hydrogen storage, and electrolyzers, bat-
teries could be highly beneficial to reduce the production cost of
methanol in grid-connected plants with highly fluctuating price profiles
since they can both provide electricity to the Power-to-Methanol plant
and generate high revenues by selling electricity to the grid during
expensive electricity hours.

Furthermore, it must be mentioned that longer time series should be
considered for the optimal plant design to account for renewable pro-
duction seasonality since the optimal designs differ when considering
different generation scenarios. However, some time-aggregation series
techniques [28,47], multi-period optimization [56], or problem refor-
mulations should be applied to numerically handle these optimization
problems [30]. Finally, some models of the units could be improved,
e.g., by considering operating maps or degradation phenomena in the
electrolyzer due to flexible operation, to increase the accuracy of the
results. Also, extending the model to include other storage technolo-
gies [28] and the participation in the ancillary service market for the
optimal design of grid-connected Power-to-Methanol plants could shed
light on the full potential of storage. Moreover, the built optimization
framework can be adapted to test other electricity price and renewable
power profiles, other configurations, e.g., with the hydrogen bypass, or
used for other Power-to-X processes by adjusting the key parameters.
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Appendix

A.1. PEM water electrolyzer efficiency

The implemented efficiency law of the PEM water electrolyzer
(nppM) is a function of the power of the electrolysis module (P,,,4) and
the operating pressure ppgy, and it is defined as follows:

_ 2
fpEM = do0 T a10 * Proa + @20 * Piog T 901 * PPEM>

where P, , is equal to the overall power of the electrolyzer Ppgy
divided by the number of modules (N,4)-

The values of the parameters were obtained by fitting the results of
the electrolyzer model [42] in the power and pressure ranges of 0.2—
2.5 MW and 20-40 bar, respectively, and are collected in Table A.1. A
graphical representation of the efficiency is shown in Figure A.1.

A.2. Thermophysical properties

The thermophysical properties of hydrogen from the Aspen database
(Peng-Robinson property method) were used to estimate the parame-
ters of I and k, and as the benchmark for the model results.

Table A.2 shows the comparison between the calculated power of
the compressor unit and the Aspen Plus data for a hydrogen inlet stream
of 1900 kg/h at 40 bar for different pressure ratios (#). The error for
the considered operating points is lower than 1%.

In Figure A.2, the density of hydrogen at high pressure and its linear
approximation for the hydrogen storage model is shown.

A.3. Hydrogen storage cost

The considered hydrogen storage cost is 500 $/kg, which corre-
sponds to the target cost for 160-bar stationary gaseous hydrogen tanks
for the year 2020 [57]. This value was converted from the specific cost
for unit of hydrogen mass into the specific cost for unit of volume and
updated from year 2007 to year 2021 as follows:

Cost g = 500 > - 0.073 —&
vessel kg

- (160 bar — 1 bar) - UF,
m3bar

where 0.073 m;(lfar - (160 bar — 1 bar) determines the available hydrogen
mass content per unit of volume, and UF is the update factor equal
to 1.35. The calculated cost is around 7800 $/m>. Lower specific
costs for vessels might be possible in scenarios with higher production
volumes [57] and considering a lower maximum pressure inside the
vessel, which reduces the wall thickness, thus the material cost.

A.4. Methanol synthesis plant

The plant was modeled in Aspen Plus® V11 (Fig. A.3). The property
methods PSRK and NRTL were used for the thermodynamic properties
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Table A.1
Parameters for the efficiency law of the electrolyzer (R?=0.999).
Values Unit
ag 0.813 -
a ~1.010- 107! MW-!
ay, +1.397 - 10792 MW~
ag, -3.118 - 107 bar™!
0.8
—Pressure: 20 bar
L0757 —Pressure: 30 bar| 1
> Pressure: 40 bar
c
§ 07}
8
=
Woes57
0.6 : ’ ’ !
0 0.5 1 1.5 2 25

Power of the electrolysis module / MW

Fig. A.1. Electrolyzer efficiency with respect to the power of an electrolysis module
for three pressures.

Table A.2

Compressor model validation.
B Model Aspen data
2.0 710 kW 710 kW
2.5 970 kW 973 kW
3.0 1196 kW 1202 kW
3.5 1397 kW 1406 kw

12

10

Linear approx.
* Data

Density / kg/m3
Qo

60 80 100 120

Pressure / bar

140 160

Fig. A.2. H, density at 25 °C as function of the pressure (data from the Aspen
database).

in high and low pressure units, respectively. The methanol synthesis
occurs in a two-stage multi-tubular reactor, which is cooled via evap-
orating water at around 245 °C. The operating pressure of the reactor
unit is around 75 bar, and a 1 bar pressure drop was assumed for each
reactor stage. A commercial catalyst Cu/ZnO/Al,O; is considered for
the implemented kinetic model LHHW (Langmuir Hinshelwood Hougen
Watson) [58,59]. The choice of having two reactor stages is motivated
by the low conversion per pass. The intermediate removal of products
via condensation helps shift the chemical equilibrium.

After the second stage of the reactor, the unreacted gases are
separated from crude methanol, the mixture of water and methanol, via
condensation and partially (98%) recycled back to the reactor. Also, a
membrane separation process [60] was considered to partially (90%)
recover H, from the purge stream.

Crude methanol is then purified via distillation to meet the desired
purity specification, i.e., 99.85%wt. (AA grade methanol). Heat for
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Fig. A.3. Methanol synthesis plant model in Aspen Plus® V11.

Table A.3
Main data of the reference methanol synthesis plant.
Values
H, mass flow rate 1.9 t/h
CO, mass flow rate 15.4 t/h
CH;O0H mass flow rate 9.9 t/h
Overall electricity demand 1.8 MW
Overall cooling demand 13.8 MW
Net heat demand 0 MW
First law efficiency 84.3%

the reboiler can be supplied via heat integration. In particular, the
surplus heat of the methanol reactor and the heat from the purge stream
combustion are sufficient to satisfy its thermal demand. However, this
heat integration is not shown in the flowsheet in Figure A.3, though it
was considered for the calculation of the heat and cooling demands.

Table A.3 summarizes the key information about the methanol
synthesis plant that was used as the reference for the technical and
economical analysis.

A.5. Methanol synthesis plant cost

The CAPEX of the main equipment units of the methanol synthesis
plant (Fig. A.3), i.e., compressors, reactor, heat exchangers, flashes,
and distillation column, was estimated by using the cost models pro-
posed by Biegler et al. [46]. The cost of the membrane was estimated
according to Ramirez-Santos et al.’s model [60].

Biegler et al.’s method [46] is based on the well-established Guthrie’s
method [61], which estimates the bare module cost of the equipment
with accuracy within the range of + 25%-40%. A multiplying factor of
1.85 [46] was then used to account for fixed and working capital costs.
An update factor from 1968 to 2021 of 6.15 was considered.

The estimated CAPEX of the reference methanol synthesis plant with
a yearly production of 0.08 Mt is 27.8 M€ (350 €/(t/y)). This value
is within the typical range for large-scale methanol synthesis plants
(200-700 $/(t/y) [62]), which means that the capital cost is probably
underestimated. On a similar production capacity (0.06 Mt/y), the
estimated investment cost of a small-scale methanol synthesis plant in
Texas was around 40 M$ [62]. The difference might be due to the
uncertainty of the cost models and the different boundary conditions
(the steam methane reforming and hydrogen compression units are also
included in the plant in Texas). The estimated investment cost is in line
with an e-methanol plant in Norway (yearly production of 0.1 Mt and
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Table A.4

Percentage of the hourly price or renewable power availability variations between
consecutive hours lower than 5%, 10%, and 25% for the considered scenarios. The
relative hourly variations were calculated with respect to the average value over the
considered scenario, i.e., 51 €/MWh, 154 €/MWh, 52 MW, and 39 MW for the
‘Historical 2021°, ‘Historical 2022’, ‘May-Jun’, and ‘Nov-Dec’ scenarios, respectively.

Hourly variations Historical 2021 Historical 2022 May-Jun Nov-Dec
< 5% 48% 42% 36% 52%
< 10% 72% 63% 50% 75%
< 25% 96% 93% 80% 97%
Table A.5

Assumed capital cost values of the key units for the base case and future unit cost
scenarios (values referred to the year 2021).

Base case (2021)

Scenario 2030

Battery
Electrolyzer
Hydrogen storage
PV

Wind onshore

368 $/kWh [32]
Correlation® [43]
7800 $/m® [57]
857 $/kw [50]
1325 $/kW [50]

214 $/kWh [32]
Correlation® [43]
7020 $/m’* [57]
690" $/kW [63]
1260° $/kW [64]

2 It depends on the installation year.
b Average value of the extremes of the predicted range.

Table A.6

Optimization results for the grid-connected case study for the high-price high-variable
electricity price scenario for the plant configurations with battery, i.e., with battery (B)
and with both storage (B&V) for the current and future unit cost scenario: Utilization
of the energy stored in the battery. Note: the tabled yearly revenue obtained by selling
the electricity to the grid does not account for the purchase of the electricity.

Flexibility Yearly energy Yearly energy Yearly revenue for
%/h to PEM-WE to the grid the electricity sell
GWh GWh Me
B 0 83.1 0.1 0
B&V 0 26.9 54.3 11.9
B 25 49.3 34.6 8.2
B&V 25 31.1 49.8 11.5
Future unit cost scenario
B 0 95.3 88.8 17.6
B&V 0 33.0 150.7 32.2
B 25 72.1 110.2 25.0
B&V 25 48.5 134.9 30.6

a capital cost of 200 M$ [3]) if the cost of the electrolysis unit and its

replacement after 10 years are considered.
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Fig. A.4. Energy content of the battery, H, produced by the electrolyzer, H, consumed in the methanol plant, and H, content and pressure inside the H, vessel for the ‘No
flexibility’ and ‘25%/h flexibility’ cases for the current unit cost scenario. Only the results of the ‘Battery & Vessel’ configuration are shown. The electricity cost profile is also

shown to better interpret the optimal scheduling. Note: the energy profiles of the battery for the ‘No flexibility’ and ‘25%/h flexibility’ cases are similar, thus they can hardly be
distinguished in the picture.

A.6. Scenarios Table A.4 shows that a relevant part of the hourly variations of

the electricity price and renewable power availability profiles (relative
In this section, additional details about the electricity price, renew- to the mean value over the considered scenario) are lower than 5%.
able availability, and unit cost scenarios are shown. This explains why moderate flexibility of the methanol synthesis plant
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Table A.7
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Optimization results for the grid-connected case study for the low-price low-variable electricity price scenario for the 4 plant configurations, i.e., with both storage (B&V), with

the hydrogen vessel (V), with battery (B), and without any storage (No B&V).

Flexibility Specific cost of MeOH Engy, 14 Nooa DrEM Proax Tl o nom MeOH, CAPEX, OPEX,
%/h €/kg MWh m? - bar - t/h kt M€ ME
No B&V 0 0.91 - - 40? 40° 1.88* 1.91 80.3 133 51
B 0 0.91 54 - 40? 40° 1.88¢ 1.91 80.3 134 51
A 0 0.91 - 257 40° 40? 1.88° 1.91 80.3 133 51
B&V 0 0.91 5% 252 40? 40° 1.88* 1.91 80.3 135 51
No B&V 5 0.90 - - 40? 40° 1.88¢ 1.91 76.2 133 46
B 5 0.91 52 - 40° 40° 1.88° 1.91 76.3 134 46
A 5 0.90 - 252 40? 40° 1.88* 1.91 76.2 133 46
B&V 5 0.90 54 257 40? 40° 1.88¢ 1.91 76.3 135 46
No B&V 10 0.90 - - 40° 40° 1.88° 1.91 75.7 133 46
B 10 0.90 57 - 40? 40° 1.88* 1.91 75.7 134 46
v 10 0.90 - 257 40? 40° 1.88¢ 1.91 75.7 133 46
B&V 10 0.90 52 257 40? 40° 1.88° 1.91 75.7 135 46
2 Bound.
Table A.8

Optimization results for the grid-connected case study for the high-price high-variable electricity price scenario for the 4 plant configurations, i.e., with both storage (B&V), with

the hydrogen vessel (V), with battery (B), and without any storage (No B&V).

Flexibility Specific cost of MeOH Eny, 14 Niod PrEM Brnax [T MeOH, CAPEX, OPEX,

%/h €/kg MWh m? - bar - t/h kt M€ M€
No B&V 0 2.02 - - 40? 315 2.38 1.91 80.7 135 141
B 0 2.01 116 - 40° 31.6 2.38 1.91 80.7 171 135
v 0 1.88 - 4940 40? 40 3.5¢ 1.15 48.5 162 65
B&V 0 1.86 115 4730 40? 40? 3.57 1.11 47.0 196 57
No B&V 5 1.75 - - 40° 40? 1.88° 1.91 49.5 133 64
B 5 1.74 115 - 40° 40" 1.88* 1.91 49.2 169 59
\ 5 1.70 - 1320 40? 40? 3.57 1.74 42.7 144 49
B&V 5 1.69 116 1210 40? 40? 3.57 1.74 42.9 180 44
No B&V 10 1.73 - - 40? 40? 1.88° 1.91 49.5 133 64
B 10 1.72 111 - 40? 407 1.88° 1.91 49.3 168 58
A 10 1.69 - 1250 40° 40? 3.57 1.74 42.7 144 49
B&V 10 1.68 116 1130 40° 40" 3.5¢ 1.74 42.4 179 43
No B&V 25 1.72 - - 40? 40? 1.88° 1.91 49.4 133 63
B 25 1.71 115 - 40% 40? 1.88¢ 1.91 49.3 169 57
\ 25 1.69 - 1100 407 40? 3.57 1.74 42.7 143 49
B&V 25 1.68 111 1040 40? 40? 3.57 1.75 42.9 177 44

2 Bound.

(in %/h) is already highly beneficial from an economic perspective.
However, a linear correlation between the variability of the scenarios
and the flexibility of the methanol synthesis plant cannot be established
since other factors, e.g., storage utilization, operating constraints, and
chosen objective function play a role.

To investigate the effect of the capital cost of the units on the
optimal solution, future unit cost predictions were considered. In par-
ticular, the combined design and scheduling optimization problems
were solved by assuming capital cost predictions for the year 2030
(Scenario 2030) and considering the same electricity price and renew-
able availability profiles. A reduction in the investment cost of the
battery, electrolyzer, hydrogen storage, photovoltaic and wind power
plants was considered (see Table A.5). The investment cost for the
compression and methanol synthesis unit was instead assumed constant
since no significant learning rate is expected.

A.7. Optimization results
In this section, additional optimization results are provided.

A.7.1. Grid-connected case study

The optimal design variables and the key performance metrics for
the two electricity price scenarios of the grid-connected case study are
shown in Tables A.7, A.8, and A.9. For the low-price low-variability
scenario, the optimization results for the future unit cost scenario are
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not shown since they differ only slightly from the ones already shown in
Table A.7: the production cost of methanol is slightly lower (0.88-0.89
€/kg) due to the reduction of the investment cost for the electrolysis
unit.

Figure A.4 shows how the battery and the H, storage are optimally
operated in the high-price high-variable electricity scenario (the pro-
duced and consumed hydrogen flow rates are also shown to better
interpret the operation of the H, storage). As expected, the energy
stored in the battery and the hydrogen in the vessel are consumed
within a few days, thus confirming that the chosen time frame for
scheduling (2 months) is suitable. While the use of the battery is similar
between the ‘No flexibility’ and ‘25%/h flexibility’ cases both qualita-
tively (Fig. A.4) and quantitatively (Table A.6), major differences can
be noticed in the H, storage. The amount of hydrogen stored inside
the vessel is significantly lower when the methanol synthesis plant is
operated flexibly. A similar qualitative behavior can instead be noticed
in the pressure profile (dependent on both the amount of hydrogen and
the storage volume). The differences could be explained by the different
optimal operating strategies.

A.7.2. Stand-alone case study

The contribution of the process units to the methanol production
cost, the optimal design variables, and the key performance metrics for
the two power availability scenarios of the stand-alone case study are
shown in Figure A.5 and Table A.10. Despite considering two extremely
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Fig. A.5. Relative contribution to the methanol production cost (LCOM) of the investment cost of the units and of the operating costs for the ‘No flexibility’ and ‘25%/h flexibility’
cases for the ‘May-Jun’ and ‘Nov-Dec’ scenarios. The current and future unit cost scenarios are shown at the top and bottom of the figure, respectively.
Note: the high share of O&M in the methanol production cost is due to the fact that the O&M expenditures of the renewable generation park are included.

Table A.9

Optimization results for the grid-connected case study for the high-price high-variable electricity price scenario with the reduced investment costs (Scenario 2030) for the 4 plant
configurations, i.e., with both storage (B&V), with the hydrogen vessel (V), with battery (B), and without any storage (No B&V).

Flexibility Specific cost of MeOH Eny, 14 Npoa PrEM Proax Lt MeOH, CAPEX, OPEX,

%/h €/kg MWh m3 - bar - t/h kt M€ M€
No B&V 0 2.00 - - 40° 31.7 2.36 1.91 80.6 126 140
B 0 1.90 347 - 25 37.5 2.00 0.95 40.0 143 54
\% 0 1.83 - 5430 40° 40° 1.88° 1.11 46.8 153 61
B&V 0 1.72 347 5470 39 40° 1.88° 0.95 40.0 212 37
No B&V 5 1.72 - - 40? 40? 1.88° 1.91 48.7 124 63
B 5 1.62 347 - 33 40° 1.88° 1.57 40.0 168 39
v 5 1.66 - 1450 40° 40° 1.88° 1.70 41.6 135 47
B&V 5 1.54 347 1460 40? 40? 1.88° 1.65 40.0 195 32
No B&V 10 1.70 - - 40° 40° 1.88° 1.91 48.8 124 62
B 10 1.60 347 - 33 407 1.88° 1.57 40.0 168 38
\' 10 1.65 - 1300 40? 40? 1.88° 1.71 41.5 134 47
B&V 10 1.54 347 1350 40° 40° 1.88° 1.60 40.0 197 31
No B&V 25 1.69 - - 40? 40? 1.88° 1.91 48.8 124 62
B 25 1.59 347 - 34 40? 1.88° 1.62 40.0 171 37
v 25 1.65 - 1250 40° 40° 1.88° 1.74 41.9 134 47
B&V 25 1.54 347 1280 40° 407 1.88° 1.65 40.0 197 31

@ Bound.
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Fig. A.6. Energy content of the battery, H, pressure inside the H, vessel, H, produced by the electrolyzer, and H, converted in the methanol plant for the ‘No flexibility’ and
25%/h flexibility’ cases for the current unit cost scenario. The power availability profile (May-Jun scenario) is also shown to better interpret the optimal scheduling.

different power generation scenarios, i.e., a winter generation profile
dominated by wind production and a summer generation profile with
high peaks due to PV generation, the optimal design of the Power-to-
Methanol plants does not have extreme differences. This might be due
to the similar size of the photovoltaic and wind power plants and to
the complementarity effect of renewables, which affects the need for
storage and the costs [26,28].

Figures A.6 and A.7 show how the battery and the H, storage are
optimally operated for the considered scenarios. Both storage tech-
nologies are operated on a daily basis to cope with the high power
peaks due to the PV generation during the May-Jun scenario (Fig.
A.6) when flexibility of the methanol synthesis plant is allowed. In
fact, the possibility of varying the methanol production rate in periods
of renewable production shortage reduces the need for high amounts
of stored hydrogen and long-term storage. A similar operation can be
noticed for the Nov-Dec scenario (Fig. A.7). The main difference lies in
the longer duration of the ‘hold phase’ of both storage technologies, and
it is probably due to the scenario, which is characterized by a relevant
wind power generation that has different characteristic times from PV
generation. Nevertheless, these hold phases last a few days at most
since the methanol synthesis plant is assumed to be always operating.

The duration of the ‘hold phase’ of storage suggests that shorter
time frames could have been considered for scheduling. Nevertheless,
even longer time frames would allow for taking into account the
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seasonality of power generation in the design phase. This aspect is
particularly evident from the design differences when considering two
power generation profiles of the same renewable park in two periods
of the year (Table A.10). In fact, the optimal design of the Power-to-
Methanol plant for the Nov-Dec scenario leads to a higher production
cost of methanol when the plant is optimally operated in the May-Jun
scenario (1.43 €/kg instead of 1.39 €/kg). Nevertheless, the relative
difference between the methanol production cost for the two power
generation scenarios is probably lower than the level of uncertainty
of the model, thus meaning that considering a 2-month scenario for
scheduling in the design phase already provides good indications of
suitable plant designs. However, this might be not true when the ratio
between the installed capacity of wind power and photovoltaic plants
is quite different, and long-term hydrogen storage, e.g., a liquid organic
hydrogen carrier [28], could be needed.

Finally, Table A.10 shows that an already moderate flexibility of the
methanol plant increases the consumption of the generated renewable
energy (P,,,.,, in the table), thus reducing the renewable curtailment: a
ramp rate of 5%/h already increases the renewable energy utilization
from 66%-72% to 93%-94%. In the Nov-Dec scenario with current unit
costs and a maximum ramp rate of the methanol plant of 25%/h, a
slight decrease of the renewable curtailment (93% instead of 95%) can
be noticed compared to the case with 5%/h as ramp rate. This result
can be explained by the lower size of the electrolyzer and methanol
synthesis units probably due to a locally optimal solution.
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Table A.10
Optimization results for the stand-alone case study for the considered scenarios (May-Jun and Nov-Dec, and current and future unit cost).
Flexibility Specific cost of MeOH Engy, 14 Nooa PrEM Proax Ty, o nom MeOH, CAPEX, OPEX, P,enew
%/h €/kg MWh m? - bar - t/h kt ME ME %
May-Jun 0 1.78 70 5000 20 40* 3.5% 0.67 28.3 350 2 71%
May-Jun 5 1.40 27 800 33 40° 3.5 1.43 37.9 350 3 93%
May-Jun 25 1.39 28 510 33 40* 3.5% 1.43 37.9 349 3 93%
Nov-Dec 0 2.38 35 5930 15 40* 3.5% 0.46 19.5 329 2 66%
Nov-Dec 5 1.70 23 940 28 40* 3.5% 1.22 29.2 335 2 95%
Nov-Dec 25 1.69 17 840 26 40* 3.5% 1.15 28.5 327 2 93%
Future unit cost scenario
May-Jun 0 1.57 100 4500 20 40* 3.5% 0.68 28.8 312 2 72%
May-Jun 5 1.27 30 810 33 40* 3.5% 1.45 38.0 317 3 93%
May-Jun 25 1.26 37 500 33 40° 3.5 1.45 38.1 316 3 93%
Nov-Dec 0 210 36 6300 16 40* 3.5% 0.48 20.0 298 2 69%
Nov-Dec 5 1.53 22 820 27 40* 3.5% 1.19 28.9 298 2 94%
Nov-Dec 25 1.53 16 880 27 40* 3.5¢ 1.18 28.8 298 2 94%
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Fig. A.7. Energy content of the battery, H, pressure inside the H, vessel, H, produced by the electrolyzer, and H, converted in the methanol plant for the ‘No flexibility’ and
25%/h flexibility’ cases for the current unit cost scenario. The power availability profile (Nov-Dec scenario) is also shown to better interpret the optimal scheduling.
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