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A B S T R A C T

Within the scope of the energy transition an increasing share of intermittent renewable energy sources demand
for grid balancing energy storage technologies, for which a novel zero-emission methanol based energy storage
system is introduced. The objective is to establish the feasibility of this system as a grid balancing energy storage
method, based on thermal efficiency and cost, at an input power of 50 MWel and boundary conditions that are set
to reflect geographically independent operation. The main components are determined to be a PEM electrolyser
followed by a recirculating catalytic synthesis reactor for methanol production. Alternatives for power gen-
eration are a transcritical carbon dioxide gas turbine (tCO2-GT), a supercritical carbon dioxide gas turbine
(sCO2-GT) and a combination of methanol steam reforming and PEM fuel cell (MSR-PEMFC). Modelling of the
entire system with respectively tCO2-GT, sCO2-GT and MSR-PEMFC for power generation leads to a system
energy efficiency of 30.1%, 26.5% and 24.1%. Levelised cost of storage is estimated to be respectively 0.24
$/kWh, 0.25 $/kWh and 0.34 $/kWh based on equipment cost estimations and factorial estimates, provisionally
not taking into account the variable operational costs due to the extent of uncertainty in specifically catalyst type
and degradation. Hence, based on these results the most efficient and cost effective system configuration is the
tCO2-GT which can be competitive with hydrogen seasonal energy storage systems. sCO2-GT thermodynamic
efficiency can be improved if cost effective solutions are found for temperature constraints. Furthermore, de-
tailed elaboration of individual components and grid modelling of the system should lead to more accurate
results and possibly increased thermodynamic performance. Concluding, when further elaborated the proposed
system could be a practical solution to seasonal energy storage.

1. Introduction

Within the scope of the energy transition, one of the main chal-
lenges is to match the sustainable energy production and the energy
demand. The intermittent production by renewable energy sources such
as wind or solar cannot be regulated, therefore a significant share of the
energy must be stored on a regional or even national level. Although
there are solutions for typical long-term energy storage, current solu-
tions are expensive (batteries) or highly dependent on geographic lo-
cation (pumped hydro or compressed air energy storage) [1,2].

Varone and Ferrari [3] and Mesfun et al. [4] studied the potential
for Power-to-Gas (PtG) and Power-to-Liquid (PtL) in the Alpine Region
and Germany respectively, showing that PtG/PtL systems will lead to
increased flexibility of the grid while achieving a more sustainable
energy system with reduced emissions. Kezibri et al. [5] introduce an
Electrolysis, Methanation and Oxy-combustion (EMO) unit for energy
storage, where gasses are temporarily stored in underground caverns.

They expect an optimistic system energy efficiency of 43%, while the
system is still geographically bound. A general exploration of electric
energy storage through hydrogen and methanol has been performed by
Rihko-Struckmann et al. [6]. The authors conclude that while the me-
thanol system yields a “poor” system energy efficiency of 17.6%, there
are significant advantages of methanol over hydrogen due to practi-
cality of methanol storage. Hence, methanol-based storage is interesting
if system energy efficiency can be improved.

In Fig. 1, a novel zero-emission methanol based energy storage
system is introduced where an electrolyser produces hydrogen. This
hydrogen is directly used in a synthesis reactor to form methanol using
carbon dioxide, enabling practical storage at atmospheric pressure and
ambient temperature. During moments of deficit, methanol is then used
in a power generation process to produce electricity. There are several
scenarios for power generation, hence the use of a fuel cell and a su-
percritical carbon dioxide gas turbine (sCO2-GT) are compared.

The aim of this research is to establish the feasibility of methanol
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energy storage as a grid balancing method, and to understand and as-
sess the potential of an sCO2-GT and compare its performance to a
methanol fuel cell on the basis of energy efficiency and costs. It also
indicates the strengths and weaknesses as well as the opportunities and
threats of the system, in order to establish where further research is

required in order to develop the system towards a feasible and practical
contributor to the renewable energy transition. Hence, the results of
this paper should give the feasibility of the proposed system and in-
dicate possible research goals in order to develop the system towards a
more advanced research level.

Nomenclature

AEC Alkaline Electrolyser
AEP Annual Energy Production
ASU Air Separation Unit
ATR Auto-Thermal Reformer
BOS Balance Of System
DMFC Direct Methanol Fuel Cell
CAPEX CApital EXpenditures
CCGT Combined Cycle Gas Turbine
CO Carbon Monoxide
C/S Carbon to steam ratio
EC Electrolyser
EES Engineering Equation Solver
EoS Equation of State
FC Fuel Cell
FTE Full Time Equivalent
GHG Green House Gas
GT Gas turbine
HEX Heat EXchanger
HHV Higher Heating Value
HP High-pressure
HT High-temperature
HTR High-Temperature Recuperator
IP Intermediate pressure
RMFC Reformed Methanol Fuel Cell
LCoS Levelised Cost Of Storage
LHV Lower Heating Value
LMTD Log Mean Temperature Difference
LP Low-pressure
LT Low-temperature
LTR Low-Temperature Recuperator
MeOH Methanol
MSR Methanol Steam Reactor
OPEX OPerational EXpenditures
PCE Purchase Cost of Equipment
PEM Proton Electrolyte Membrane
PO Partial Oxidation

PtG Power to Gas
PtL Power to Liquid
PtX Power to Gas or Liquid
PPC Physical Plant Cost
PR(SV) Peng-Robinson (Stryjek and Vera) EoS
R Recompression ratio
RES/RET Renewable Energy Sources/Technology
t/sCO2 Trans-/Supercritical Carbon Dioxide
TPC Total Project Cost
SO Solid Oxygen
SR Steam Reformer
SRK Soave-Redlich-Kwong EoS
SW Span and Wagner EoS
TIP Turbine Inlet Pressure
TIT Turbine Inlet Temperature
TOP Turbine Outlet Pressure
TOT Turbine Outlet Temperature
TPC Total Purchase Cost

Symbol

A surface area, m2

β pressure ratio, –
cp heat capacity, kJ/kg K
I current, A
i current density, A/cm2

ρ density, kg/m3

ε effectiveness, –
η efficiency, –
h enthalpy, kJ/kg
s entropy, kJ/kg K
F Faraday constant, 96,485C/mol
q heat flow, kJ/s
m mass flow, kg/s
P power, MW
p pressure, kPa
T temperature, °C
U voltage, V

Fig. 1. Schematic representation of the proposed zero-emission methanol based electric energy storage system.
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This research comprises a thermodynamic analysis of various su-
percritical and transcritical carbon dioxide Brayton cycle configura-
tions. It is followed by a thermodynamic analysis of the entire system
using flowsheeting software. Finally, an economic analysis is per-
formed, leading to the final conclusions and recommendations.

2. t/sCO2-GT thermodynamic analysis

The Brayton cycle is a thermodynamic cycle operating on the
compression and expansion of a heated gas, usually air. Due to its ro-
bustness and high power-to-weight ratio it is frequently used for power
generation. Operating the Brayton cycle using carbon dioxide around or
above the critical point of carbon dioxide holds several advantages
compared to air-fed gas turbines. Firstly, the construction will have a
small footprint and low weight because the density increases sig-
nificantly around the critical point. Additionally, pressure can be in-
creased efficiently leading to a high net power output of the cycle [7].
Secondly, an advantage of operating above the supercritical point of
carbon dioxide is the low solubility of water in supercritical carbon
dioxide [8]. Using carbon dioxide as a working fluid will hence enable
simple post-combustion carbon capture.

However, the property changes around the supercritical point of
carbon dioxide demand very specific operating windows for turbo-
machinery and heat exchangers. The extraordinary change in heat ca-
pacity around the critical point can have a significant impact on the
overall performance or even functioning of the system. Additionally,
there will be a difference in heat capacity between low- and high-
pressure streams leading to deviating temperature gradients at both
sides of the recuperator [7].

2.1. Modelled configurations

Over the years various layouts for supercritical carbon dioxide
Brayton cycles have been researched. The Allam cycle shows the best
properties regarding net thermodynamic efficiency and cost of energy
and is the most developed cycle as a pilot project has been initiated
[9–14]. The Allam cycle is a simple regenerated transcritical cycle,
passing the critical pressure in the turbine. For supercritical cycles the
pressure is maintained above the critical pressure throughout the cycle.

The modelled configurations are illustrated in Appendix A, which
are various combinations of regeneration, reheating and recompression.
The recompression cycle uses a serial recuperator and split stream to
compensate the deviating heat capacity with a difference in mass flow
rate, hence optimizing heat recuperation [15].

2.2. Method

For modelling of the cycles Engineering Equation Solver (EES) is
used, which is an equation-solving program that can numerically solve
coupled non-linear algebraic and differential equations using an in-
tegrated thermodynamic properties database. In this section, assump-
tions and boundary conditions are explained.

2.2.1. Fluid package
The fluid package of EES uses the Span and Wagner (SW) EoS [16]

to determine the thermodynamic properties of carbon dioxide, which is
the most accurate model for carbon dioxide around its supercritical
point but is only valid up to 1100 K [17]. For temperatures exceeding
1100 K, EES automatically assumes ideal gas properties. Using Peng-
Robinson modified by Stryjek and Vera (PRSV) EoS, it is found that the
maximum error for enthalpy is roughly 1.6% within the model
boundaries. Entropy has the largest error around the critical point of
roughly 2.5%. These are regarded acceptable.

2.2.2. Temperature constraints
A minimum temperature of 30 °C is assumed as this is regarded as a

feasible temperature for cooling at average ambient temperature on
most locations [18]. Material properties restrict the maximum turbine
inlet temperature to 1200 °C.

Additionally, maximum recuperator temperatures and thus turbine
outlet temperatures are limited to 800 °C as the materials must with-
stand creep life, high pressure differentials and corrosion due to the
high pressure CO2 and water content [18,19]. Therefore, combustion
temperatures will also be limited based on the temperature difference
over the turbine.

2.2.3. Pressure
Similar to the Allam cycle, a maximum cycle pressure of 250 bar is

taken. The pressure differential of heat exchangers and combustor are
given in Table 1 for various sources and model input.

2.2.4. Turbomachinery
The assumed values for isentropic efficiency are given in Table 2.

The table is complemented with data from the Matiant cycle as this
cycle is closest to the Allam cycle with regard to working fluid.

Using Eqs. (1a)–(1c) taken from Khartchenko and Kharchenko [18],
the ideal and real temperatures are calculated for compression and
expansion turbomachinery. In these functions, T is the temperature in
K, s is the entropy in kJ/kg K, p is the pressure in kPa and η is the
dimensionless isentropic efficiency.

=T T P s( , ) [K]i out in (1a)

= +T T T T [K]out pump compr in
i in

is
, /

(1b)

=T T T T( , ) [K]out turb in is i in, (1c)

2.2.5. Regeneration
The maximum heat transfer of the regenerator can be calculated

using enthalpy difference calculations [7]. To prevent temperature
cross, a conditional iteration loop is used that iterates towards a proper
solution.

Table 1
Pressure differentials of the Brayton cycle.

Unit [11] [19] [20] Model

HP HEX % N/A 0.5 3 1.5
LP HEX % N/A 2.4 3 2.5
Combustor % N/A 1 3 2
Cond./Coolers % N/A 2 3 2.5

Table 2
Isentropic efficiencies of the sCO2 Brayton cycle.

Unit [11] [19] [20] Model

Compressor(s) % N/A 90 85 87.5
Pump % N/A 85 80 82.5
Turbine % 88 89 87 88
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2.3. Results

Fig. 2 shows that the simple regenerated and regenerated reheated
cycle have a comparable maximum performance for subcritical and
supercritical output pressure, while the recompression cycles show a
clear advantage when operating at low pressures. This can be explained
by the low turbine output pressure that will lead to a large difference in
heat capacity between high- and low-pressure streams. Contrary, re-
heating will result in lower efficiencies in almost all cases due to turbine
outlet temperature restrictions in relation to reduced turbine pressure
ratio.

The maximum efficiencies of all cycle configurations are compared
in Fig. 3, which emphasises that recompression contributes significantly
to cycle thermodynamic efficiency at low output pressure while the
benefits for the supercritical cycle are smaller.

One configuration from the transcritical and one configuration from

the supercritical cycle will be used for analysis of the energy storage
system. The transcritical regenerated recompression cycle is selected
because it has the highest thermodynamic efficiency. The supercritical
simple regenerated cycle is selected for its simplicity.

3. Flowsheet thermodynamic analysis

The system is modelled in UsiSim to determine the thermodynamic
efficiency of individual components as well as the overall system energy
efficiency including charging, storage and discharging. The following
section discusses the individual components flowsheet models and
system flowsheets to come to the overall system performance.

3.1. Fluid package

Allam et al. [11] and Scaccabarozzi et al. [19] both acknowledge
Peng-Robinson (PR) and Soave-Redlich-Kwong (SRK) as fairly accurate
EoS for an oxy-combustion Brayton cycle. Léonard, Giulini and Vil-
lareal-Singer [21] put forward SRK as a proper choice for electrolysis,
which is confirmed by Lüdtke [22] who claims SRK as a proper EoS for
hydrogen and hydrocarbons. Zhoa et al. [17] performed an elaborate
analysis for proper EoS selection for carbon dioxide around the super-
critical point. Span-Wagner (SW) EoS showed least deviation from ex-
perimental data, but can be used for single-component modelling only.
From these results, SRK can be considered as a proper EoS for multi-
component streams of carbon dioxide, water, oxygen, hydrogen and
hydrocarbons.

3.2. Electrolyser

Main electrolyser types are the Alkaline electrolyser (AEC), Proton

Fig. 2. Performance as a function of turbine outlet pressure for the sCO2 Brayton cycle configurations in optimal setup.

Fig. 3. Maximum efficiencies of the transcritical and supercritical configura-
tions of the sCO2 Brayton cycle.

Fig. 4. UniSim flowsheet of the PEM electrolyser.
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Electrolyte Membrane electrolyser (PEMEC) and the Solid Oxygen
electrolyser (SOEC). AEC and PEMEC show similar efficiencies, but the
AEC has lower investment costs while PEMEC holds significantly larger
current density (leading to a smaller footprint) and higher flexibility.
SOEC promises very high efficiencies, but has an extensive warm-up
time of 15min and is still in a demonstrative phase [23]. Because of its
flexibility, small footprint and relative performance, the PEM electro-
lyser will be used in the methanol storage system.

The cell voltage and current density of an electrolyser cell are in-
versely related, where an increase of current density will lead to a
smaller footprint of the electrolyser, but thermodynamic losses increase
significantly with increasing voltage levels [23]. A low current density
is favourable from an energetic point of view and high current densities
are favourable from an economic viewpoint. A conservative cell voltage
of 2.0 V is selected.

The constructed flowsheet, of which the outline has been taken from
Rivera-Tinoco et al. [24], is given in Fig. 4 with stream data in Ap-
pendix B. Tap water enters the systems at a temperature of 15 °C and a
pressure of 2 bar, which is pressurised to the system pressure of 50 bar.
The stack is modelled by a conversion reactor, cooled by supplying a
surplus of water that can take up the heat. Setting a maximum tem-
perature rise of 10 °C of the electrolyser, a conversion efficiency of
0.754% is calculated for a heat capacity Cp,water of 4.198 kJ/kg K.
Gaseous hydrogen and oxygen are split from the cooling water using
two consecutive splitters. The cooling water is recycled and cooled such
that the combination of cooling and tap water has the reactor tem-
perature of 70 °C. Hydrogen will be sent directly to the methanol
synthesis step, while oxygen will be temporarily stored. A pressure drop
of 1% has been assumed for the heat exchanger and a pressure drop of
2% for the reactor and splitters. The electrolyser reaches a net energy
efficiency of 73.0%, which is similar to performance mentioned in lit-
erature [23].

3.3. Methanol synthesis reactor

A single step process will be used as it has high energy output and
economic efficiency compared to a two-step reaction [27]. It can be
elaborated in a recirculating or cascading reactor setup. Because of its
simplicity a recirculating reactor is used, modelled by a Gibbs reactor
such that proper equilibrium of the parallel reactions is modelled.
Methanol output purities of 99.8–99.99% are reported in literature
[25–28].

From Kiss et al. [25] it is found that the temperature for maximum

methanol yield shifts upward with increasing pressure from roughly
235 °C to 250 °C for respectively 40 to 100 bar. Methanol yield will
increase with increasing pressure while CO production will decrease
with increasing pressure. Thus, a temperature of 250 °C and a pressure
of 100 bar are taken as reactor input conditions. A high steam ratio R
(H2:CO2) will increase methanol yield while having a negligible effect
on CO production at high pressure.

The methanol synthesis reactor flowsheet is given in Fig. 5 with
stream data in appendix B. Hydrogen enters the reactor at the elec-
trolyser pressure of 50 bar and temperature of 80 °C such that pressure
must be increased. Hydrogen and carbon dioxide is then mixed with the
recycle stream. Before entering the reactor, the stream is heated to a
temperature of 225 °C by the hot reactor output stream. The reactor
itself is cooled to maintain reaction temperature at 250 °C.

The reactor output stream is first used to heat the reactor input
stream and is then cooled further down to 50 °C to enable flash se-
paration. The first flash separator at reactor pressure separates mainly
hydrogen, where a relieve valve is used for a second flash separator at
1.25 bar to separate the remaining hydrogen and carbon dioxide. Both
separated streams are recompressed and recycled, where a purge of
1mol% is applied to prevent buildup of components.

Lowering the pressure after the first flash column will influence
distillation temperature and also recompression work but this is negli-
gible. It is found that a pressure of 1.25 bar results in a distillation
bottoms temperature of 103.3 °C, which is sufficiently low to (re-)use
heat internally. Methanol is purified using a distillation column re-
sulting in a molar purity of 99.4 mol% with 0.6 mol% of carbon dioxide
as the main pollutant. A pressure drop of 1% is accounted for all heat
exchangers and a 2% pressure drop for vessels. A net energy efficiency
of 78.9% is reached.

3.4. Fuel cell

Direct methanol fuel cells are mostly used in portable devices and
auxiliary power applications in the range of milliwatts to watts because
it can be operated at low temperatures and due to its simple con-
struction [29–31]. Only a few companies are working on high-power
stacked DMFC that are in the 100 kW scale, with dimensions at the size
of shipping containers and expected not to be available sooner than by
the end of 2019 [32]. Hence, Direct Methanol Fuel Cells are not re-
garded as a feasible solution for grid balancing applications.

Methanol also allows for hydrogen production through Steam
Reforming (SR), such that a hydrogen fuel cell can be used. SR leads to

Fig. 5. UniSim flowsheet of the methanol synthesis reactor.
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a 70–80% hydrogen yield on a dry basis [33]. Ribeirinha et al. [34–36]
have researched the effect of heat integration to the performance of the
reformer and HT-PEM, showing that autothermal operation is possible
without devaluation of individual component performance. Contrary to
the DMFC, MSR-PEMFC is ready for commercial MW-scale im-
plementation as reported by Fuel Cells Bulletin [37].

Yield characteristics of the steam reforming process based on Gibbs
energy is analysed by Faungnawakij, Kikuchi and Eguchi [33], from
which it can be concluded that optimal conditions are a temperature of
150 °C and an S/C ratio of 2. Ellamla et al. [38] propose a Gibbs reactor
as steam reforming reactor in the flowsheet model.

The electrolyser will be operated between 150 and 200 °C. Large
fractions of water (25mol%) and carbon dioxide (20mol%), and small
fractions of CO (<1 mol%), are expected in the hydrogen feed stream.
According to Thomas et al. [39] and Diaz et al. [40] the water vapour
content will rather improve tolerance of contaminants such as CO, CO2
and methanol. Araya et al. [41] found only minor degradation at given
temperatures and Araya et al. [42] state that CO concentrations up to
5% can be tolerated if minor cell voltage decrease can be accepted.
Hence, based on the theoretic feed composition, methanol reformate
can be directly used in the HT-PEM fuel cell.

A current density of 0.3–0.4 A/cm2 and a cell voltage of 0.6 V is
selected as the fuel cell thermodynamic efficiency is close to 50% while
maintaining a respectable current density. Similar to the PEM electro-
lyser and also given by Ellamla et al. [38], a conversion reactor can be

used to model the hydrogen oxidation process.
The MSR-PEMFC flowsheet is given with Fig. 6 with stream data in

Appendix B. Methanol enters at atmospheric pressure and a tempera-
ture of 20 °C and is mixed with the recycle to an S/C ratio of 2.5. The
mixture is pumped to 120 kPa that will suffice for the pressure drop of
the system, assuming 1% pressure drop for heat exchangers and 2%
pressure drop for vessels. After pressurisation, the stream is heated to
boiling point by the fuel cell product stream and then to reaction
temperature of 150 °C by waste heat from the fuel cell in a similar
fashion to Sahlin, Andreasen and Kaer [43].

After reforming, modelled by a Gibbs reactor, the product stream is
heated to the fuel cell temperature of 180 °C. Oxygen can only be he-
ated to 155 °C, but because of the low mass flow rate this has a negli-
gible effect on fuel cell performance. The fuel cell product stream is
used to heat the PEMFC reformer input stream, oxygen HT input, re-
former input stream and then the oxygen LT input stream. The re-
maining heat is extracted and carbon dioxide and water are then se-
parated at 30 °C.

3.5. t/sCO2-GT

The selected Brayton cycle configurations from Section 2 are mod-
elled in UniSim. It is found that in a direct-fired flowsheet, the flue gas
components significantly affect the stream properties. Firstly, the mass
flow of the stream is increased and secondly the heat capacity is altered

Fig. 6. UniSim flowsheet of the MSR HT-PEMFC.

Fig. 7. UniSim flowsheet of the tCO2 Brayton cycle.
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due to the water content. Hence an ”indirectly fired” version of the
Brayton cycle is modelled to approach the EES model. With exception of
the indirect combustion and therefore absence of water and carbon
dioxide extraction from the closed cycle, the flowsheet model is iden-
tical to the modelled configuration of the EES model.

3.5.1. Transcritical cycle
The flowsheet of the transcritical cycle is given in Fig. 7 with stream

data in Appendix B. Methanol enters the combustion chamber at a rate
of 1.35 kg/s with a stoichiometric oxygen feed. Proper mass flow of the
working fluid is calculated to be 49.41 kg/s. The flue gasses are cooled
to 30 °C after heating of the cycle and then split to water and carbon
dioxide. Due to a general underestimation of the work input and
overestimation of the work output, the thermodynamic efficiency of the
UniSim modelled cycle is 62.9%, which is 2.5% higher than calculated
with EES but assumed a good approximation.

3.5.2. Supercritical cycle
The supercritical Brayton cycle flowsheet is given with Fig. 8 with

stream data in Appendix B. Intercooling and combustion as well as the
cold-side regeneration temperature are fixed according to the EES
model and the pressure at each point has been taken equal to the EES
model. The fuel input of 1.35 kg/s of methanol with a stoichiometric
feed of oxygen leads to a working fluid mass flow rate of 193.3 kg/s,
which is significantly higher than the transcritical cycle, but leads to a
lower combustion temperature. A thermodynamic efficiency of 55.0%
is reached.

3.6. System performance

The individual components are combined in an integrated flowsheet
model, illustrated in Figs. 19–21 in appendix C. Four storage tanks can
be found in the flowsheet for the storage of oxygen, carbon dioxide,
methanol and water. Oxygen is stored at 250 bar and carbon dioxide at
75 bar. Methanol and water do not have to be pressurized for storage, as
these are a liquid at the ambient storage temperature.

Despite the low solubility of supercritical carbon dioxide in water, a
depressurization step to 2.5 bar followed by a separator is added to the
gas turbine systems in order to reduce the carbon dioxide content to an
acceptable fraction for use in the PEM electrolyser. The separated
carbon dioxide must be pressurized to be merged with the directly
extracted carbon dioxide. For the transcritical cycle, the recycled
carbon dioxide must also be compressed to critical pressure for storage.

Fig. 9 illustrates the performance of each cycle. While the MSR-
PEMFC requires only little work input, it has the lowest net power
output. The transcritical gas turbine cycle requires a large work input
but still generates the highest net power output. The supercritical gas
turbine is strongly bound by temperature limitations, which results in a
similar thermodynamic efficiency to the fuel cell system.

4. Economic analysis

The economic analysis includes the estimation of bare equipment
costs, followed by CAPEX/OPEX derivations to conclude with an in-
dication of the Levelised Cost of Storage (LCoS).

Fig. 8. UniSim flowsheet of the sCO2 Brayton cycle.

Fig. 9. Work and thermodynamic efficiency of the modelled system flowsheets.
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4.1. Bare equipment costs

Bare equipment costs are estimated for the electrolyser, methanol
synthesis reactor and power conversion unit, complemented by the
Balance Of System (BOS). As the electrolyser and methanol synthesis
reactor are structurally identical for all three modelled systems, a cost
derivation from literature will be used. The Brayton cycles will be as-
sessed on a component basis.

4.1.1. Electrolyser
Cost estimations for current generation PEM electrolysers are be-

tween 1000 and 2000 $/kW [23,44]. The scaled cost function from
Bellotti et al. [44], given with Eq. (2), is used for cost estimation of the
electrolyser based on the power input Pel,in in kW.

=C P1, 500PEMEC
0.85 (2)

4.1.2. Methanol synthesis reactor
The methanol synthesis reactor costs can be estimated by scaling

elaborated plant costs to the modelled dimensions. This is done using
Eq. (3) by Bellotti et al. [44], where Mmeoh,in is the ingoing cumulative
mass flow rate in t/hr.

=C M14, 200
54

[$]MeOH
in

0.65

(3)

4.1.3. MSR-PEMFC
The cost estimate for the methanol steam reformer is taken from Luk

et al. [45] and scaled using an index of 0.65, leading to the cost function
as given in Eq. (4), with MH2,out the hydrogen mass flow exiting the
reactor in kg/d.

=C
M

1 10
1500

[$]MSR
H out6 ,

0.65
2

(4)

The equipment cost for the HT-PEMFC is derived using cost in-
dications from Mamaghani et al. [46] per surface area of the fuel cell
and balance of plant in relation to the power output of the fuel cell. The
cost function is given with Eq. (5), with PFC,in the power output in kW
and AFC the fuel cell surface area in m2.

= +C P A297 2.4 10 [$]FC
6 (5)

The surface area AFC of the fuel cell is calculated using the power
output PFC,in in W, cell voltage UFC in V and current density iFC in A/m2

as given in Eq. (6).

=A P
U i

m[ ]FC
2

(6)

4.1.4. t/sCO2 Brayton cycle
Taken from Marchionni et al. [47] Eqs. (7) and (8) represent the

cost functions for the turbine and compressors respectively, where m is
the mass flow rate in kg/s, η is the dimensionless isentropic efficiency, β
is the dimensionless pressure ratio and T is the combustion temperature
in K. The exponent function accounts for the additional material and
system costs that are involved at high temperatures.

= +( )C m e479.34
0.93

ln( ) 1 [$]turb
turb

T0.036 54.4in

(7)

=C m71.10
0.92

ln( ) [$]compr
compr (8)

The heat exchanger cost function, also valid for the condenser and
intercoolers, is taken from Marchionni et al. [47] and given with Eq.
(9). The surface area Ahex in m2 can be calculated using the heat
transfer coefficient U from Table 3 and the log mean temperature dif-
ference (LMTD) of the heat exchanger. It is assumed that cooling water

enters the intercoolers and condenser at 20 °C and exits with a tem-
perature increase of 10 °C. The costs are corrected with the corrective
coefficient k, also found in Table 3, according to the application of the
heat exchanger.

=C k A2681 [$]hex
0.59 (9)

The combustor cost function taken from Mahmoudi and Ghavimi
[48] is given in Eq. (10), which is a function of mass flow mcomb in kg/s,
dimensionless pressure ratio β and combustion temperature Tcomb in K.

= +( )C m e46.08
0.995

1 [$]comb
T0.018 26.4comb

(10)

4.1.5. Balance of system
In the Balance of System, the same correlations as Eqs. (8) and (9)

are used for respectively compressors and heat exchangers. Typical
costs per volumetric unit Ctyp,vessel are taken as given with Eq. (11) from
Sinnott [49] for vertical pressure vessels with a diameter of 1m for
pressurised vessels and 3m for atmospheric pressure vessels. These are
corrected with a material factor fmaterial (2.0 for stainless steel) and
pressure factor fpressure, given in Table 4. The desired volume Vstorage of
the vessels is indexed for size with an index of 0.85 and is based on the
mass flow rates of the material streams assuming a level of autonomy of
1 day.

=C C f f V [$]vessel typ vessel material pressure storage,
0.85

(11)

4.2. CAPEX/OPEX cost factors

From the bare equipment costs, CAPEX and OPEX are derived on the
basis of cost factors as fractions of the equipment costs.

4.2.1. CAPEX
Costs for e.g. piping and instrumentation form the Physical Plant

Cost (PPC), calculated with Eq. (12), for which the cost factors are given
in Table 5. The equipment costs for the PEMEC, MeOH synthesis and
MSR-PEMFC have been determined on the basis of elaborated systems,
hence cost factors for piping, instrumentation and electrical work are
excluded.

= +PPC PCE f(1 ) [$]PPC (12)

Costs for engineering, contractors and also contingency form the
Total Project Cost (TPC). These factors apply to all components of the
system. The cost factors for the TPC are given in Table 6 and are cal-
culated as indicated in Eq. (13).

= +TPC PPC f(1 ) [$]TPC (13)

4.2.2. OPEX
The cost factors for fixed OPEX are given in Table 7, which are

based on the total project costs as given in Eq. (14). The costs for raw
materials such as catalysts, the variable operational costs, are currently
not taken into account in the OPEX cost estimation as the catalyst type
and degradation are yet to be determined. This can have a significant
impact on operational expenditures.

=OPEX TPC f [$]OPEX (14)

Additionally, it is assumed that the facility is fully automated such

Table 3
Calculation parameters for HEX cost function [47].

U [W/m2 K] k [–]

Recuperator (CO2-CO2) 1700 1.8
Cooler (CO2-water) 2900 8
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that only one person is needed at all times. This requires 4.2 Full Time
Equivalents (FTE) for round-the-clock supervision, leading to $126.000
taking into account a yearly salary of $30,000 per FTE. Additional costs
including supervision and plant overhead are estimated at a factor of
0.9 of operating labour according to Sinnot et al. [49] such that a total
of $239,400 is taken into account for labour and management.

4.3. Levelised cost of storage

The definition of the LCoS according to Jülch [50] is given in Eq.
(15). The parameters are the CAPEX, OPEX and the Annual Electricity
Production (AEP, Eq. (16)), corrected for interest rate r with respect to
the expected lifetime n of the installation. The AEP is a function of
capacity factor c and output power Pout.

=
+

=

=
+

=

=
+

LCoS
CAPEX

[$/kWh]t

t n OPEX
i

t

t n AEP
i

1 (1 )

1 (1 )

t

t (15)

=AEP c P8760 [kWh] (16)

Jülch [50] gives an expected component lifetime between 15 and
30 years for similar components. A conservative system lifecycle of
15 years is assumed. The highest capacity factor of the modelled system
is 0.5, as a higher capacity factor implicates that at some given time the
modelled system is charging and discharging power simultaneously,
which simply means dissipation of power rather than energy storage.
The application of the system and thus the capacity factor is yet un-
known, hence an optimal capacity factor of 0.5 is assumed. This leads to
an LCoS as given in Table 8.

The scalability of the storage system is illustrated in Fig. 10, taking
the modelled power input as reference scale. It is assumed that all
thermodynamic parameters such as mass and heat flow can be scaled
linearly. Upscaling will lead to marginal differentiation in terms of re-
lative cost, but will have significant impact on levelised cost of storage
in all cases.

5. Conclusions

This research investigates the feasibility of a novel zero-emission
methanol based energy storage system. The main components are a
PEM electrolyser followed by a recirculating catalytic synthesis reactor
for methanol production. Power generation is performed by either an
MSR-PEMFC, supercritical- or transcritical carbon dioxide Brayton
cycle.

The most efficient and cost effective system configuration is found
to be the tCO2-GT, with a system energy efficiency of 30.2% and le-
velised cost of storage of 0.35 $/kWh. With these properties it is
competitive with hydrogen long-term energy storage, hence it can be a
feasible option for long-term energy storage.

Specifically thermodynamic efficiency and also costs of the elec-
trolyser can lead to significant improvements of the overall perfor-
mance. In the analysis of the Brayton cycle, it is found that temperature
constraints are a strong limiting factor in thermodynamic performance.
Therefore finding solutions that enable higher operating temperatures
can lead to higher Brayton cycle thermodynamic efficiency. An im-
portant cost parameter of the Brayton cycle is the mass flow rate, which
significantly increases costs in the current sCO2-GT.

The system is modelled in steady-state operation, with equally sized
loading and unloading sides. Using grid modelling to scale the size ratio
of loading and unloading might further improve cost effective appli-
cation.

Because it is a feasibility study the design has a moderate level of
detail. First of all, only the main components of the system are taken
into account and detailed chemical design such as catalyst selection,
catalyst degradation and a kinetic reaction model are not included in
this study. Second of all, the component costs are based on literature

Table 4
Pressure factor for vessel cost function [49].

Pressure fpressure

Water atm 1
Methanol atm 1
CO2 75 bar 2.4
O2 250 bar 6

Table 5
PPC cost factors [49].

Cost factor f

Equipment erection 0.4
Piping 0.7
Instrumentation 0.2
Electrical 0.1
Building 0.15
Site development 0.05
Ancilliary buildings 0.15
fPPC 1.75

Table 6
TPC cost factor [49].

Cost factor f

Engineering 0.3
Contractor fee 0.05
Contingency 0.1
fTPC 0.45

Table 7
OPEX cost factors [49].

Cost factor f

Maintenance 0.075
Insurance 0.01
Local taxes 0.02
Royalties 0.01
fOPEX 0.115

Table 8
LCoS in $/kWh at n=15 yrs and c=0.5.

MSR-PEMFC TC-GT SC-GT

0.34 0.24 0.25

Fig. 10. Relative change in LCoS for different scales of the system (note that
MSR-PEMFC and SC-GT are on top of each other).
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data and complemented using global cost factors. Combined, the costs
for catalysts are not taken into account which can result in a significant
additional cost factor. Hence, both the thermodynamic performance
and economic results have a moderate level of accuracy.

To conclude, the proposed methanol based energy storage system is

a feasible option for long-term storage of renewable energy. Research of
the individual components can further improve performance and
should establish a more accurate view on the design and performance of
the system, leading to a practical solution for seasonal energy storage
when further elaborated.

Appendix A. Modelled Brayton cycle configurations

A.1 Transcritical configurations

See Figs. 11–14.

Fig. 11. Transcritical regenerated cycle

Fig. 12. Transcritical reheated cycle

Fig. 13. Transcritical regenerated recompression cycle

Fig. 14. Transcritical regenerated recompression reheated cycle
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A.2 Supercritical configurations

See Figs. 15–18.

Fig. 15. Supercritical regenerated cycle

Fig. 16. Supercritical regenerated reheated cycle

Fig. 17. Supercritical regenerated recompression cycle

Fig. 18. Supercritical regenerated recompression reheated cycle
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Appendix B. Stream data flowsheet models

B.1 Stream data PEM electrolyser

PEMEC

# Temp. Pressure Mol. flow Mass flow CO CO2 H2 H2O MeOH O2

1 54.5 5000 129.5 2.3 0.000 0.000 0.000 0.999 0.000 0.000
2 79.9 4900 191.8 2.3 0.000 0.000 0.665 0.011 0.000 0.324
3 79.9 4900 16865.0 303.8 0.000 0.000 0.000 1.000 0.000 0.000
4 80.0 4802 16928.9 305.9 0.000 0.000 0.000 0.996 0.000 0.004
5 80.0 4802 16927.3 305.8 0.000 0.000 0.000 0.996 0.000 0.004
6 80.1 4706 16863.4 303.8 0.000 0.000 0.000 1.000 0.000 0.000
7 70.1 4659 16863.4 303.8 0.000 0.000 0.000 1.000 0.000 0.000
8 70.1 5000 16863.4 303.8 0.000 0.000 0.000 1.000 0.000 0.000
EL_in 70.0 5000 16992.8 306.1 0.000 0.000 0.000 1.000 0.000 0.000
H2_el 80.0 4900 127.9 0.3 0.000 0.000 1.000 0.000 0.000 0.000
H2O_el 54.1 113 129.5 2.3 0.000 0.000 0.000 0.999 0.000 0.000
O2_el 80.1 4850 64.0 2.0 0.000 0.000 0.000 0.000 0.000 1.000

B.2 Stream data methanol synthesis reactor

Methanol Synthesis

# Temp. Pressure Mol. flow Mass flow CO CO2 H2 H2O MeOH O2

1 60.1 10,101 514.4 5.1 0.008 0.180 0.806 0.001 0.004 0.000
2 60.1 10,101 514.4 5.1 0.008 0.180 0.806 0.001 0.004 0.000
3 225.0 10,000 514.4 5.1 0.008 0.180 0.806 0.001 0.004 0.000
4 250.0 9899 431.0 5.1 0.010 0.118 0.672 0.099 0.101 0.000
5 250.0 9899 0.0 0.0 0.010 0.118 0.672 0.099 0.101 0.000
6 250.0 9899 431.0 5.1 0.010 0.118 0.672 0.099 0.101 0.000
7 250.0 9899 431.1 5.1 0.010 0.118 0.672 0.098 0.101 0.000
8 152.1 9800 431.1 5.1 0.010 0.118 0.672 0.098 0.101 0.000
9 50.0 9702 431.1 5.1 0.010 0.118 0.672 0.098 0.101 0.000
10 50.0 9508 87.7 2.3 0.000 0.036 0.001 0.479 0.483 0.000
11 46.0 130 87.7 2.3 0.000 0.036 0.001 0.479 0.483 0.000
12 45.9 127 83.7 2.1 0.000 0.003 0.000 0.499 0.498 0.000
13 45.9 127 4.0 0.2 0.002 0.742 0.027 0.053 0.176 0.000
14 549.0 9508 4.0 0.2 0.002 0.742 0.027 0.053 0.176 0.000
15 50.0 9508 343.3 2.9 0.012 0.139 0.844 0.001 0.004 0.000
16 59.1 9508 347.3 3.0 0.012 0.146 0.834 0.002 0.006 0.000
17 59.1 9508 343.8 3.0 0.012 0.146 0.834 0.002 0.006 0.000
18 66.5 10,101 343.8 3.0 0.012 0.146 0.834 0.002 0.006 0.000
19 14.0 10,101 42.6 1.9 0.000 0.997 0.000 0.003 0.000 0.000
20 190.1 10,101 127.9 0.3 0.000 0.000 1.000 0.000 0.000 0.000
CO2 20.0 25,000 42.6 1.9 0.000 0.997 0.000 0.003 0.000 0.000
H2 80.0 4900 127.9 0.3 0.000 0.000 1.000 0.000 0.000 0.000
H2O 105.7 125 41.9 0.8 0.000 0.000 0.000 0.999 0.001 0.000
MeOH 30.0 102 41.9 1.3 0.000 0.006 0.000 0.000 0.994 0.000
Methanol 38.4 103 41.9 1.3 0.000 0.006 0.000 0.000 0.994 0.000
Purge 59.1 9508 3.5 0.0 0.012 0.146 0.834 0.002 0.006 0.000

B.3 Stream data MSR-PEMFC

MSR-PEMFC

# Temp. Pressure Mol. flow Mass flow CO2 CO2 H2 H2O MeOH O2

1 23.0 99 146.5 3.2 0.000 0.001 0.000 0.714 0.285 0.000
2 23.0 120 146.5 3.2 0.000 0.001 0.000 0.714 0.285 0.000
3 23.0 120 146.5 3.2 0.000 0.001 0.000 0.714 0.285 0.000
4 90.0 119 146.5 3.2 0.000 0.001 0.000 0.714 0.285 0.000
5 150.0 118 146.5 3.2 0.000 0.001 0.000 0.714 0.285 0.000
6 150.0 115 229.8 3.2 0.001 0.182 0.544 0.274 0.000 0.000
7 150.0 115 0.0 0.0 0.000 0.000 0.000 1.000 0.000 0.000
8 150.0 115 229.8 3.2 0.001 0.182 0.544 0.274 0.000 0.000
9 20.0 25,000 62.5 2.0 0.000 0.000 0.000 0.000 0.000 1.000
10 −36.7 116 62.5 2.0 0.000 0.000 0.000 0.000 0.000 1.000
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11 85.0 115 62.5 2.0 0.000 0.000 0.000 0.000 0.000 1.000
12 137.0 115 292.4 5.2 0.000 0.143 0.427 0.216 0.000 0.214
14 180.0 114 292.4 5.2 0.000 0.143 0.427 0.216 0.000 0.214
15 190.0 112 229.9 5.2 0.001 0.182 0.000 0.818 0.000 0.000
16 190.0 112 0.0 0.0 0.000 0.000 0.000 1.000 0.000 0.000
17 190.0 112 229.9 5.2 0.001 0.182 0.000 0.818 0.000 0.000
18 141.2 111 229.9 5.2 0.001 0.182 0.000 0.818 0.000 0.000
19 92.8 110 229.9 5.2 0.001 0.182 0.000 0.818 0.000 0.000
20 92.1 109 229.9 5.2 0.001 0.182 0.000 0.818 0.000 0.000
21 30.0 107 229.9 5.2 0.001 0.182 0.000 0.818 0.000 0.000
22 29.9 105 186.3 3.4 0.000 0.000 0.000 1.000 0.000 0.000
CO2_FC 29.9 105 43.6 1.9 0.003 0.956 0.000 0.040 0.000 0.001
H2O_FC 29.9 105 81.7 1.5 0.000 0.000 0.000 1.000 0.000 0.000
H2O_rec 29.9 105 104.6 1.9 0.000 0.000 0.000 1.000 0.000 0.000
MeOH 20.0 99 41.9 1.3 0.000 0.004 0.000 0.000 0.996 0.000
O2_FC 20.0 25,000 62.5 2.0 0.000 0.000 0.000 0.000 0.000 1.000

B.4 Stream data TC-GT

TC-GT

# Temp. Pressure Mol. flow Mass flow CO CO2 H2 H2O MeOH O2

1 31.9 2138 744.4 32.8 0.000 1.000 0.000 0.000 0.000 0.000
2 86.2 4055 744.4 32.8 0.000 1.000 0.000 0.000 0.000 0.000
3 31.9 3954 744.4 32.8 0.000 1.000 0.000 0.000 0.000 0.000
4 90.6 7692 744.4 32.8 0.000 1.000 0.000 0.000 0.000 0.000
5 30.8 7500 744.4 32.8 0.000 1.000 0.000 0.000 0.000 0.000
6 82.5 25,767 744.4 32.8 0.000 1.000 0.000 0.000 0.000 0.000
7 360.0 25,381 744.4 32.8 0.000 1.000 0.000 0.000 0.000 0.000
8 349.0 25,381 378.4 16.7 0.000 1.000 0.000 0.000 0.000 0.000
9 356.3 25,381 1122.7 49.4 0.000 1.000 0.000 0.000 0.000 0.000
10 781.7 25,000 1122.7 49.4 0.000 1.000 0.000 0.000 0.000 0.000
11 1189.0 24,500 1122.7 49.4 0.000 1.000 0.000 0.000 0.000 0.000
11a 1189.0 24,500 1122.7 49.4 0.000 1.000 0.000 0.000 0.000 0.000
12 815.9 2386 1122.7 49.4 0.000 1.000 0.000 0.000 0.000 0.000
13 361.3 2326 1122.7 49.4 0.000 1.000 0.000 0.000 0.000 0.000
14a 85.0 2193 1122.7 49.4 0.000 1.000 0.000 0.000 0.000 0.000
14b 85.0 2193 1122.7 49.4 0.000 1.000 0.000 0.000 0.000 0.000
14c 85.0 2193 744.4 32.8 0.000 1.000 0.000 0.000 0.000 0.000
14d 85.0 2193 378.4 16.7 0.000 1.000 0.000 0.000 0.000 0.000
MeOH_in 20.0 25,000 41.5 1.3 0.000 0.000 0.000 0.000 1.000 0.000
O2_in 20.0 25,000 62.3 2.0 0.000 0.000 0.000 0.000 0.000 1.000
CO2_out 32.1 24,500 41.5 1.8 0.000 1.000 0.000 0.000 0.000 0.000
H2O_out 32.1 24,500 83.0 1.5 0.000 0.000 0.000 1.000 0.000 0.000

B.5 Stream data SC-GT

SC-GT

# Temp. Pressure Mol. flow Mass flow CO CO2 H2 H2O MeOH O2

1 30.0 14,454 4392.2 193.3 0.000 1.000 0.000 0.000 0.000 0.000
2 44.7 25,381 4392.2 193.3 0.000 1.000 0.000 0.000 0.000 0.000
3 760.0 25,000 4392.2 193.3 0.000 1.000 0.000 0.000 0.000 0.000
4a 872.5 24,500 4392.2 193.3 0.000 1.000 0.000 0.000 0.000 0.000
4b 872.5 24,500 4392.2 193.3 0.000 1.000 0.000 0.000 0.000 0.000
5 802.4 15,205 4392.2 193.3 0.000 1.000 0.000 0.000 0.000 0.000
6a 53.3 14,825 4392.2 193.3 0.000 1.000 0.000 0.000 0.000 0.000
6b 53.3 14,825 4392.2 193.3 0.000 1.000 0.000 0.000 0.000 0.000
MeOH_in 20.0 25,000 41.5 1.3 0.000 0.000 0.000 0.000 1.000 0.000
O2_in 20.0 25,000 62.3 2.0 0.000 0.000 0.000 0.000 0.000 1.000
CO2_out 32.1 24,500 41.5 1.8 0.000 1.000 0.000 0.000 0.000 0.000
H2O_out 32.1 24,500 83.0 1.5 0.000 0.000 0.000 1.000 0.000 0.000

Appendix C. Storage system Unisim flowsheet diagrams

See Figs. 19–21.
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Fig. 19. UniSim flowsheet of the energy storage system using the MSR-PEMFC.

Fig. 20. UniSim flowsheet of the energy storage system using the tCO2 Brayton cycle.

Fig. 21. UniSim flowsheet of the energy storage system using the sCO2 Brayton cycle.
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