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The work has been prepared in the context of the Task 2.5 “Global impact of H2/NH3 based
combustion processes” which is focused on evaluating the contribution of the imported
synthetic renewables-based electro-fuel namely hydrogen and ammonia; and their usage in the
energy sector. The two major objectives of the model are: 1. Minimisation of the economic cost
(LCOH, LCOE); 2. Minimisation of the Global Warming Potential (GWP).

Note that in the WP1 the techno-economic analysis was performed for applied P2X2P concept
in situ, where the locally produced power is stored in energy vectors, namely H2/NH3 and
subsequently used to power CCGT for electricity generation. In the present task 2.5, the work
has been focused on the imported green fuels; it provides partners involved in the FLEXnCONFU
project a simulation tool for deterministic and robust design optimisation that can be used to
assess the economic cost (LCOH, LCOE) and Global Warming Potential (GWP) (CO, emission
intensity) of the imported green e-fuels. Furthermore, the simulation tool helps in optimising
the system'’s parts, such as PV panels capacity and types, electrolyser capacity... under a wide
range of operating modes for different production locations. This provides the decision makers
a handy tool to compare between several scenarios of green e-fuel (green e-fuel refers to the e-
fuel that is produced using renewable energy) production in several regions.

PV panels were the primary source of electricity, however, additional renewable energy sources
(e.g. wind energy) can be used and wind turbine sub-model can be integrated. To achieve these
objectives, a Python framework, namely RHEIA is employed; RHEIA provides multi-objective
optimisation (deterministic and stochastic) and uncertainty quantification algorithms. Non-
dominated Sorting Genetic Algorithm (NSGA-II) is implemented for the optimisation process.
Minimising the LCOH, LCOE and minimising GWP of CO2 are set as objectives.

Interestingly, the proposed concept by FLEXnCONFU project P2X2P can be applied to several
systems and various configurations. In this work, two scenarios are proposed. In the first
scenario, the green hydrogen is generated using solar energy and transported via pipelines,
subsequently it can be used to produce ammonia to power combined-cycle gas turbine (CCGT)
power plant for electricity production. In the second scenario, the CCGT is powered with a fuel
mixture of 30% H, and 70% NH; which is synthesised in a Haber-Bosch plant with a green H,.
However, using either 100% NH; fuel or 30-70% H,-NH; fuel mixture depends on the gas turbine
operating characteristics and the final LCOE and GWP [1].
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Dependency on the published literature data, projection of hydrogen supply and demand across
Europe in 2030 and 2040 [2, 3], the green H2 importing regions are defined. Meanwhile, the
second step of defining the production and exporting of green hydrogen regions is conducted
depending on:

1. The potential of solarirradiance and constraint’s level 1 (excluding complex terrain, large
water bodies, compact forests, uninhabited areas, Intra-urban areas) and 2 (excluding
protected areas and cropland).

2. Energy return on investment (EROI).

The tasks in the WP1 are someway related to this task 2.5, in terms of X2P layouts and
components optimisation (e.g. electrolyser capacity [MW], storage capacity [Kg], etc.),
however, in the present task, besides deterministic optimisation, this task will include
uncertainty quantification analysis; furthermore, the objectives are focused on imported green
e-fuel. The developed models can be used to estimate the cost (LCOH, LCOE) and associated
GWP of the imported e-fuels (hydrogen) from Europe neighbouring countries in middle east and
north Africa (MENA) under uncertainty.

In the energy system models, we can define two types of variables: 1. system parameters, which
are beyond of designer’s control e.g., efficiencies of electrolyser and PV panel) 2. design
variables, which are optimised through deterministic design optimisation methods. The system
parameters can be uncertain (e.g. CAPEX of PEM electrolyser, CAPEX of PV, interest rate etc...).
This parametric uncertainty can be considered in design optimisation as well, resulting in
alternative designs.

In the present task, 3 major steps are planned:

e Optimising the renewable energy system for H, production depending on the production
location, H2 production quantity with 2 objects: minimising LCOH and minimising
carbon emission intensity (Cl).

e Powerto Xto power (case 1): electricity production in Cologne using 100% NHj; as fuel to
power CCGT, with 2 objects: minimising LCOE and minimising carbon emission intensity
(Ch).

e Powerto Xto power (case 2): electricity production in Cologne using 30-70% H,-NH; fuel
mixture to power CCGT, with 2 objects: minimising LCOE and minimising carbon
emission intensity (CI).

D2.6 "Evaluation of the Global impact of H2/NH2 based combustion processes” 7



In this task, the computational framework, namely RHEIA [4] is used to facilitate multi-objective
optimisation of the engineering model and uncertainty quantifications. The framework is based
on Python programming language and the engineering models. The well-established
evolutionary algorithm Non-dominated Sorting Genetic Algorithm (NSGA-II) is used for the
deterministic design optimisation process. The NSGA-Il is used to optimise (maximise,
minimise) the quantity of interest so called design variable. The optimisation method and coding
are explained in the appendix (page, 29).

In this section, the energy system model is described in detail. The model of converting solar
energy into electricity and hydrogen is described; and transporting green hydrogen from MENA
is considered being via pipeline network, which is a combination of new pipelines and
repurposed pipelines.

To convert the solar energy into electric power, a PV array is considered. A single PV cell is
characterised based on a single diode model without parallel resistance, following the
experimentally validated structure presented by Gonzalez-Longatt [5]. The produced PV cell
current IPV depends on the photocurrent I, the diode current |, and the series resistance Rs:

Iy =1, — I [exp (M) - 1] Eq.1

NngKTamp

Where q, is the electron charge k is the Boltzmann constant and nq the diode ideality factor. The
Newton-Raphson numerical method is used for its fast convergence and accuracy to solve this
non-linear equation for lpy. The photocurrent I. depends on the solar irradiance G and ambient
temperature Tamb:

G
I = ISC(E,HOI’H)% + Kﬂ(ﬂllﬂb - Ti)
Eq. 2

The coefficient K, depends on the corresponding short-circuit currents Isc and; T, and T.
reference temperatures and:
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_ Isc(Tz) = Ic(Th)
L-T

Ky
Eq.3

The diode current I, is represented according to the following equation (4) and Io(T.) is given by

(5):

3
Tonb )" qG; (1)
10=Io(ﬂ)(7") exp T
! nk(’ﬂlmb - ?1) Eq 4
Iyc (I
L(E) = e (7))
qUpc()y
exp Tk 1 Eq. s

The series resistance represents the internal losses (6):

_du 1

s =

dlyoe  Xu Eq.6

Where the term dU/dluoc is equal to 1.15/2/Npv,s, based on the Photovoltaic panel current-
voltage characteristic provided by the manufacturer. Xy is given by:

q
Xy = I, (T, ex
U o(Th) kT, p

(qU()c(Tl)) _ L

The shunt resistance, which corresponds to the leakage current to the ground, is commonly
neglected and therefore it is not considered in this work [4, 6-8].
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The proton exchange membrane (PEM) electrolyser is chosen to produce hydrogen from the
intermittent electricity supply. The PEM has a fast response time of <1 sec and full operational
flexibility [9]. The experimentally validated model by Garcia-Valverde et al. is adopted, and the
applied PEM electrolyser’s operating voltage (Uelec) is calculated:

Uelec = Urev + Uelectrodes + Uohm Eq- 8

Table 1 shows the electrolyser’s parameters that are required for modelling procedure.

Table 1: The PV-electrolyser system model parameters

Parameter Deterministic value
Nelec 8ooo h [9]

G hourly data for one year [10]
Tamb hourly data for one year [10]
Misc 0.065 A/K [11]

Huoc 0.08 V/K [11]

Isc 3.8 A[11]

Uoc 21.1V [11]

Am 50 cm? [11]

tm 0.0051CM

nr 99.5% [11]

Udegr 6uV/h [11]

Telec design parameter[11]

ilim 2 Alcm; [11]

(Urev) is the reversible potential, (Uelectrodes) is the overpotential at the electrodes, and (Uelec) is
the ohmic overpotential. The current (Istack= Np-lelec) and voltage (Ustack=Ns-Uelec) of the
electrolyser s stack depend on the number of combined electrolyser in parallel (N,) and series
(Ns). The hydrogen production is a function of Faraday efficiency (nF), several electrolyser s in
series (Ns), and current (Istack).

— Nslstack

My, =~ s00r IF Eq.9

Further details are explained extensively in the published work by Garcia-Valverde et al. and
Coppitters et al. [5, 11].
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A pipeline network is considered for H, transportation in this study due to two facts. Firstly there
is already an existing natural gas pipeline network that can be retrofitted; secondly, establishing
a new pipeline network between MENA and EU is technically visible [12]. There are several
factors that affect the LCOEwans via pipelines such as the distance, operating pressure,
depreciation period of compressors and pipelines, CAPEX and OPEX of compressors and
pipelines which vary depending on the size (diameter: <7zoomm, 700-goomm, and >9oomm). For
instance, the CAPEX of a small pipeline (<7oomm) is (1.5 M€/km) almost 53% of the large pipeline
CAPEX (2.8 M€/km at D >goomm); but the final LCOEans. for small pipelines [0.05-0.14
€/kg/1000km] and large pipelines are comparable to each other [0.058-0.16 €/kg/1000km].
interestingly, retrofitting the existing natural gas pipeline network would reduce the LCOE trans.
by 55+10% compared to the newly installed pipelines. The average LCOE yrans. for 1000 kmis 0.14
€/kg and deviates +0.088 €/kg between the worst and the best scenarios. The LCOE+ans for 2000,
2000, 3000 and 4000 km is [0.05, 0.23], [0.10, 0.46], [0.16, 0.68] and [0.21, 0.91], consequently.
Compared to H. transport via pipelines (48”), shipping H. via Liquid organic hydrogen carriers
(LOHC) and ammonia vectors could be competitive for distances longer than 3300 and 4400 km,
respectively [13]. In the work, all transporting scenarios go through on-shore land, mainly which
justifies H. transport from MENA to EU via pipelines rather than shipping. However, the final
transporting via pipeline depends heavily on 1. Operating percentage of the pipeline, 2. Size of
the pipeline network, 3. the percentage of newly instructed pipelines and percentage of
repurposed natural gas pipeline network. In the case of 48 inches pipelines, the CAPEXpipeline and
OPEXpipeline fall in the range of [0.02-0.29€/kg/1000km] and [0.01-0.02 €/kg/1000km] and the
CAPEXcompressor and OPEXcompressor fall in the range of [0.04-0.07€/kg/1000km] and [0.02-0.04
€/kg/1000km] respectively. Figure 1 shows, for instance, the levelized cost of new and
repurposed pipelines (48-inch) operating at 100%, 75%, and 25% capacity [13].
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Figure 1 The levelized cost of new and repurposed pipelines 48" operating at 100%, 75%, and 25% capacity [13]

Concerning the CO, emissions, the indirect GHGs emission for gas transporting by pipelines has
been adopted from published report, and in the worst and best cases the CO2 emissions are 0.18
and 0.11 kg.CO,,eq/lkg/1000km [14]. After converting the renewable energy into hydrogen and
transporting via pipeline, ammonia is produced in Haber-Bosch plant to power CCGT.

The climate [13] data, of hourly ground solar irradiance and ambient temperature, has been
adapted to the studied hydrogen regions (e.g. Hassi R'mel, Algeria and Cologne, Germany,
Figure 2). The data has been obtained via renewable[10]. The solar irradiance in Hassi R'mel,
Algeria is ~40% higher than the one in Cologne, Germany. Additionally, the distribution of the
solar irradiance is more uniform in Hassi R'mel compared to Cologne, which is desired for more
stable operating conditions of the renewable energy system.
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Figure 2 Hourly ground level solar irradiance in Hassi R'mel, Algeria and Cologne, Germany

-

3.5 Quantity of interest

An economic and environmental quantities of interest are defined to evaluate the system
performance, namely levelized cost of energy (LCOE) and carbon intensity (Cl). LCOE and Cl
correspond to the annualized system cost per unit of produced electricity and the annualized
system green-house gases (GHG) namely CO. per unit of produced electricity.

CAPEXq+OPEXq+Crep,a+Cgrid,a
E

LCOE = Eq. 10

The annualised capital expenses CAPEX, (13) and annualised operating expenses OPEXa, (14) are
scaled by the Capital Recovery Factor (CRF) and corresponds to the sum of the capital expenses
for each component and the sum of the operating expenses [15]:

c
CAPEX, = CRF )’ N,CAPEX,
k=0 Eq.12

C
OPEX, = )’ N,OPEX,
k=0 Eq. 12

where c is the list of different components (i.e., DC-DC converters, PEM electrolyser array, PV

array, compressor, storage tank, etc) and N corresponds to the installed capacity. The system
lifetime L (25 years) and CRF is determined by the real interest rate i [15]:
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CRF = ——F—
I+t -1 Eq.13

where the real interest rate i considers the effect of inflation f on the nominal interest rate i":

i'-f
1+f

i = Eq. 14
The annualised replacement cost considers the costs related to the replacement of components

during the system lifetime, where 7 is the number of replacements during the system lifetime
for every component and t is the replacement period.:

c "
Cr&pLu = CRF Z (Nk Rt.k Z(] + i)—[!k)

k=0 1=0 Eq 15
Similar to the LCOE, the environmental quantity of interest represents the annualised GHG
emission of the system per unit produced electricity (i.e., the Cl):

CAPEXq+0PEXq+Crep,a+Cyrid,a

Cl = - Eq. 16

The annual GHG of the system per unit of produced electricity/e-fuel can be calculated similarly
to the levelized cost of energy.
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4 Case studies and results

The following sections present examples of a) Levelized cost of green hydrogen production and
GWP in selected European regions and MENA regions. b) Levelized cost of electricity based on
power to X to power (100% NH3) case and GWP (CO, emission intensity) and c) Levelized cost
of electricity based on power to X to power (30-70% H2-NH3) case and GWP (CO2 emission
intensity). In all cases, green electricity is produced via PV panels and used for hydrogen
production.

4.1 Determining the consumption and production locations

The increased demand for renewable energy in a certain consumption region is not necessarily
met with locally produced renewable energy; this requires importing energy from regions with
high renewable energy potential.

JAdditional electiicity demend (ind. Power-to-Heat and H2)

onsdered industry branches® 2050 in PJ

Total el. demand in PJ
. 0-5

5-25

ido of total generation potential minus total demand (incl. Power-1o-|
ieat and H2) by considered industry branches 2050 in TWh

25-50

50-80

80-110

110-152

Figure 3 Left: regional distribution of the additional electricity demand (including Power-to-Heat and hydrogen)
in PJ/a by decarbonised industry branches in 2050 ; right: regional distribution of difference between the potential
electricity generation and total electricity demand in TWhe [16].
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According to the Wuppertal Institute, the highest demand of electricity and hydrogen in Europe
will be in north-west Europe. The power deficit is the highest in Benelux and North Rhine-
Westphalia (Figure 3), which requires additional imported green H. to these locations. For the
aforementioned reasons, in this task, Cologne is studied as an electricity production location
using a green e-fuel (H.-NH;). In this power to X to [17] power scenario, two cases are studied
based on the initial location of energy vector production (X); a. Local production of the H,, b. H,
production in MENA.

SOLAR RESOURCE MAP
PHOTOVOLTAIC POWER POTENTIAL
MIDDLE EAST AND NORTH AFRICA MENA

Figure 4 Photovoltaic power potential in Middle East and North Africa (MENA) [17, 18]

Three production locations are chosen in MENA namely Midelt, Morocco; Hassi R'mel, Algeria,
Algeria and Sharma, Saudi due to high photovoltaic power potential (Figure 2) and higher
stability of the solar irradiance over 8760 hour a year (Figure 4). Additionally, the natural gas
pipeline network between Europe and MENA can be repurposed and new pipelines can be
installed to transport green H2 from MENA to Europe.
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According to this scenario of transporting H. via pipeline networks, it has been assumed that

transporting green energy is in

the form of gaseous H, instead of shipping H. or NH;.

Subsequently, H. can be used directly or converted to NH;.
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Figure 6 Transport costs of hydrogen and methane using existing infrastructure in the year 2030.

Figure 6 shows exemplary transport costs from Algeria to Germany assuming electricity costs of 40 and 45 $/MWh

in the origin and destination countries [20].The cost of transporting H, via pipelines is cheapest in all cases for

distances shorter than 4000 km.

4.2 PV-electrolyser optimisation for power to hydrogen production

Among the wide range of power
alternative as an energy vector [

to X storage methods, hydrogen is considered as a viable
21]. The water electrolysis is one of the most robust and
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developed methods for hydrogen production. In this context of producing a green hydrogen, PV

panels can be coupled to water electrolyser using DC-DC converters with tracking of Maximum
PowerPoint (MPP). However, several design variables, e.g. PV capacity, electrolyser capacity,
DC-DC etc., can be considered to perform multi-objective optimisation e.g. minimizing GWP
(CO2 intensity), maximizing H2 production and minimizing LCOH.

Due to diversity in solar irradiance, temperature and operating conditions in H2 production
locations, renewable energy system optimisation becomes more important. Besides,
performing deterministic optimisation analysis, the uncertainty analysis is considered as well to
determine the parameters that contribute significantly to the objective variation, instead of
depending on the unclearly defined modeller judgement. The determination of these individual
contributions allows the formulation of environmental and economic guidelines to additional
enhance the performance during real-life operations. The considered values for the different
parameters are listed in Table 2

Table 2: Techno-economic considered parameters of the energy system

Parameter min max average unit reference
CAPEXpv 350 600 475 €/kWp [22]
OPEXpv 16 19 17.5 €/kWp/year [23]
GHGpv 520 1550 1035 kgCO2,eq/kWe [24]
CAPEXPEMEL2020 800 1200 1000 €/kW [25]
CAPEXPEMEL2030 400 600 500 €/kW [25]
OPEXPEMEL 3 5 4 % of CAPEX [26]
repl. Costpemel 15 20 17.5 % of CAPEX [27, 28]
lifetimepemel 60 100 8o kh [25]
GHGPEMEL 190 235 212.5 kgCO2,eq/kW [29]
CAPEXtank 11 14 12.5 €/kWh [30]
OPEXtank 1 2 1.5 % of CAPEX [31]
GHGtank 6 12 9 kgCO2,eq/kWh [32]
CAPEXcompressor 1000 1500 1250 €/kwW [33]
OPEXcompressor 1 2 1.5 % of CAPEX [33]
GHGcompressor 80 120 100 kgCO2,eq/kW [34]
CAPEXDCDC 40 160 100 €/kwW [35]
OPEXDCDC 1 5 3 % of CAPEX [35]
CAPEXpipeline 0.07 0.27 0.17 €/kg/1000 km [13, 36]
OPEXpipeline 0.02 0.06 0.04 €/kg/1000 km [13, 36]
CAPEXcompressor 0.02 0.04 0.03 €/kg/1000 km [13, 36]
OPEXcompressor 0.05 0.07 0.06 €/kg/1000 km [13, 36]
GHGpipeline 6.6 10.8 8.7 g.CO2/kg/1000 km [14]
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CAPEXCCGT 800 1200 1000 €/kwW (37-39]
OPEXCCGT,fixed 4 5 4.5 €/kW/year (37,381
OPEXCCGT,variable 46 €/MWh [37,38]
lifetimeCCGT 25 35 30 year [37,38]
GHGCCGT 0 €/kw [40]
CAPEXhb2 870 870 €/kwW [39]
OPEXhb 17 17 €/kwW [39]
GHGhb 0.024 0.04 0.032 kgCO2,eq/kg.NH3 [41]
CAPEX_NH3_tank 0.11 0.20 0.16 €/kWh [42]
OPEX_NH3_tank 10 14 12 % OPEX [42]
Interest r 2 6 4 % [43]
inflation r ) 6 3 % [44]

The levelized cost of fuel and CO, intensity are crucial in the system performance assessment.
The first step is decided to be focused on the green hydrogen production in Europe (case study,
Cologne, Germany) and in 3 Europe neighbouring regions in MENA namely: Midelt, Morocco;
Hassi R'mel, Algeria and Sharma, Saudi. The optimisation algorithmis applied to the system and
considers average values of the system parameters (Table 1) and aimed at PEM electrolyser of
1.2 GW size; the average parameters of the system are considered, including the CAPEX of the
electrolyser (1000 €/kW) in 2022. The required PV panel capacity is optimised and that results in
Pareto front samples to minimise LCOH and minimise CO2 emission intensity.

For the four considered locations, the best minimal LCOH and CO2 emission intensity is in
Sharma, Saudi; the LCOH is between 2.8 and 3.1 €/kgh,, and the IC is between 1.4 and 1.3
kgcoz,eq/kgh2. Producing green hydrogen in Cologne, Germany has the worst scenario; the LCOE
and Cl are between 4.1 and 4.5 €/kgh. (Figure 7); and 2.0 and 2.2 kgcoz,eq/kgH.. Interestingly, the
LCOH is highly affected by the electrolyser CAPEX [4]. On one hand, the electrolyser CAPEX
drops with the increased electrolyser capacity [25]. Reksten et al. projected the future cost of
PEM and alkaline electrolysers which could drop from 12000 €/kW (in 2020) to 500 €/kW (in 2030).
On the other hand, the hydrogen production is proportional to the total yearly solar irradiance,

% Including ASU.
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which is the lowest in Cologne, Germany compared to the rest of cases, while the LCOH is
inversely proportional to the total yearly solar irradiance.
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Figure 7 A trade-off exists between minimising CO2 intensity (Cl) and minimising the Levelized Cost Of Hydrogen
(LCOH) in 4 considered location. In the 3 locations in MENA, both of LCOH and Cl are substantially lower
compared to LCOH and Clin Cologne, Germany.

After getting the Pareto front (Figure 7), the knee points are defined to trade-off between LCOE
and CI. A typical method to choose the most satisfactory design is to identify the knee point
which corresponds to the design that gets the minimum Euclidian distance towards a utopia
point (Figure 8). The knee-points of LCOH-CI Pareto front (in Sharma, Saudi, Midelt, Morocco;
Hassi R'mel, Algeria; and in Cologne, Germany) give 2.90, 2.92, 2.96 and 4.23 €/kgh,; and 1.34,

1.38, 1.40 and 2.11 kgcoz,eq/kgH. consecutively.

objective 2 | Pareto front

knee point

utopia point

objective 1
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Figure 8 The knee point is the considered the optimal point on Pareto front that minimises LCOE and CI. The
knee point has the minimal distance towards the utopia point. The utopia point is configured by the best values
for both objectives [45].

In the design space of the system, the capacity of the electrolyser is set at 1.2 GW, and the PV
capacity is treated as a design variable of the system and the PV capacity range is set between
1.2 to 2.1 GW. Interestingly, the same installed PV capacity (Figure g, a) in MENA could reduce
the Cl by >0.5 kgcoz,eq/kgn. compared to the same installed energy system in Cologne, Germany.
The increased PV capacity from 1.3 to 2.0 GW can lead to higher H2 production, but it increases
the ClI by 0.2 kgcoz,eq/kgH2. However, the optimisation objectives of the work are focused on
minimizing LCOH and minimizing Cl (CO.) emissions.
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Figure 9 The optimisation objectives LCOH and Cl (CO2) relationships with the design variable PV capacity in
Europe neighbouring regions in MENA namely: Midelt, Morocco; Hassi R'mel, Algeria and Sharma, Saudi; and in

Cologne, Germany.

Additionally, the LCOH of H, production in MENA is ~1.5 €/kg less than the LCOH of Cologne,
Germany, for the same installed PV capacity. This is attributed mainly to the higher solar
irradiance, which is ~40% higher in Midelt, Morocco, Hassi R'mel, Algeria and Sharma, Saudi
compared to Cologne, Germany.

4.3.1.1 Uncertainty quantification of the CO2 emission intensity and LCOH

To quantify the uncertainty, Sobol' index is used to quantify the importance of a particular
variable or factors in the variability of a system. It is commonly used in sensitivity analysis to
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identify the variables that have the greatest impact on the output of a model. The Sobol'indices
can be used to analyse the 20 samples generated to determine the polynomial order 1, 2 or 3.
Then, the worst-case (Leave-one-out error) LOO error is determined for the 20 design samples.

For CO2 intensity (Cl) case, the polynomial of 1t order results in a LOO error of 6.3e-05 which is
small enough to consider 1% order polynomial for CO2 intensity (Cl) uncertainty quantification
case. On the other hand, the increasing polynomial order from 1 to 2 and generating the PCE for
the same design samples of LCOH decreases the worst-case LOO error from 0.0701 to 0.0140;
as a result, the 2" order polynomial is considered for the LCOH cases.

Regarding Sobol’s indices, the number of uncertainty parameters can be reduced to 1 (co2_pv)
which has 0.99 index; however, co2_pemel is considered as well which has the second Sobol’s
index. For LCOH quantification, out of the 12 uncertain parameters, 3 have a maximum Sobol'
index below this threshold (capex_pemel, int_rate, capex_pv), meaning that they can be treated
as deterministic without significantly affecting the calculated statistical moments of the LCOH.
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Figure 10 The LCOH_2022 [€/kg] and Cl [kg.CO2_eq/kg.H2] under uncertainty of capex_pemel, capex_pv,
int_rate, co2pv and co2_pemel in Midelt, Morocco; Hassi R'mel, Algeria and Sharma, Saudi; and in Cologne,
Germany

The uncertainty of CAPEX_pemel, int_rate, CAPEX_pv can lead to high LCOH variation.
However, the LCOH in production location in MENA (Midelt, Morocco; Hassi R'mel, Algeria and
Sharma, Saudi) has lower mean and deviation compared with the LCOH in Cologne, Germany
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(Figure 10, a). the range span of LCOH is ~1.70 [€/kg] in MENA production locations compared

to 2.54 [€/kg] in Cologne, Germany. On one hand, the optimistic values of CAPEX_pemel
(8oo[€/kW]), int_rate (0.02), CAPEX_pv (350[€/kW]) leads to LCOH of 2.16, 2.20, 2.11 and 3.24
[€/kg] in Midelt, Morocco; Hassi R'mel, Algeria and Sharma, Saudi; and in Cologne, Germany.
On the other hand, the pessimistic values of CAPEX_pemel (1200[€/kW]), int_rate (0.06),
CAPEX_pv (600[€/kW]) leads LCOH of 3.86, 3.93, 378 and 5.78 [€/kg] in Midelt, Hassi R'mel and
Sharma, and Cologne. The higher LCOH in Cologne is attributed to the lower solar irradiance
and higher variation compared to H2 production locations in MENA (Figure 2), and the
uncertainty of system parameters (CAPEX_pemel, int_rate, CAPEX_pv). For instance, the
CAPEX is highly affected by the size of the electrolyser, this uncertain CAPEX may lead to
significant variation in LCOH [25].
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Figure 11 The LCOH_2022 in [€/MWh] under uncertainty of capex_pemel, capex_pv, int_rate, co2pv and
co2_pemel in Midelt, Morocco; Hassi R'mel, Algeria and Sharma, Saudi; and in Cologne, Germany

Figure 11 represents the LCOH in [€¢/MWh]; the LCOHs in three MENA locations are similar to
each other + 4 [€/MWh] and fall in the range from 63.3 to 117.9 [¢/MWHh]. In Cologne, the LCOH
is 35to 60 [€/MWh] higher compared to other three locations’ LCOHs; this variation is attributed
to the lower solar irradiance and higher fluctuation in Cologne compared to MENA locations.

When it comes to the Cl of H, production, Cl is lower in MENA production locations and falls in
a range of 0.30-0.43 [kgcoz,eq/kgH:] (Figure 10, b). Meanwhile, the Cl in Cologne is between 0.46
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and 0.63 kgcoz,eq/kgHz, these results are comparable to the achieved results by Simons and Bauer

[46]. The GHG construction emissions of the PV and PEM electrolyser significantly affect the Cl
[24, 29]. However, green H2 production has remarkably a lower Cl compared to the global CCO2
emission intensity (Cl) of H2 production, which is between 10 and 20 [kgcos,eq/kgH:] [46]. The
lower GHG footprint of green H2 would give an additional economic value with applying carbon
taxation [47]. The carbon tax in Europe differs widely from country to another country, e.g. the
carbon taxin Poland is around 0.07 €/toncos,eq. compared to 112 €/toncoa,eq. in Sweden [48].

4.3.1.2 Projection of LCOH in 2030

LCOH depends highly on the CAPEX_pemel and CAPEX_pv which are being reduced
continuously due to scaling up and developed technologies; the average CAPEX_pv is expected
to drop by 30% by 2030 compared to 2022 (475 €/kWp) [49]. On average, CAPEX_pemel is
expected to reach ~500 €/kW in 2030 compared to ~1000 €/kW in 2022.
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Figure 12 LCOH in 2022 versus LCOH projection in 2030 [€/kg] in Midelt, Morocco; Hassi R'mel, Algeria and
Sharma, Saudi; and in Cologne, Germany

LCOH would drop sharply by 2030 compared to 2022, LCOH in MENA would fall below 2.0 [€/kg]
threshold, which corresponds to 6o [€/MW] (Figure 12). However, the LCOH in Cologne would
remain 1 [€/kg] more expensive compared to MENA selected production locations (Midelt,
Morocco; Hassi R'mel, Algeria and Sharma, Saudi).
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The power to X to power model consists of sub-models for PV panels, DC/DC converter, PEM
electrolyser, transporting hydrogen via pipelines (pipelines and compressors), storage, Haber-
Bosch process, CCGT. The system parameters are described in Table 2. The CCGT is assumed to
be 95 MWe. The sizes of PV, PEM, Haber-Bosch are optimised. The cost of hydrogen
transportation via pipelines is studied. Both of LCOE and CO2 emission intensity (Cl) have been
minimised. In the following two cases are evaluated: 1. Power to X to power: 30-70% H,-NHj fuel
mixture for powering CCGT. Power to X to power: 100% NHj; fuel mixture for powering CCGT.

The first case of power to X to power considers powering CCGT (95 MWe) with 100% NH3 fuel
input. The fuel (100% NH3) is synthesised using the green hydrogen which produced locally or
imported from MENA production locations.
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Figure 13 distance of transporting green hydrogen from MENA production locations to Cologne

Figure 13 shows the length of pipelines to transport hydrogen from MENA production locations
to Cologne. As it is shown, the shortest distance to Cologne is 2400 km from Midelt compared
to 2700 and 3800 km from Hassi R‘'mel and Sharma. The final transportation cost depends on
the percentage of repurposed pipeline network and percentage of newly build pipelines.
However, according to European Hydrogen Backbone, the pipeline CAPEX could be in the range
of 0.07 to 0.27 €/kg/1000 km. Considering the average values of CAPEX and OPEX, the levelized
cost of electricity based on green e-fuel (NH3) is shown in Figure 14.
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Figure 14 LCOE [¢/MWh] and Cl [¢.CO2_eq/kWh] of produced electricity in Cologne based on the production
location of the green e-fuel used to power CCGT: 200% NH3 fuel case

The average LCOE exceeds 200 €/MWh in all cases. Electricity production in Cologne using
imported green e-fuel (100% NH3) results in LCOEs of 231.0+21, 233.5+33.5 and 225.5+32.5
€/MWh for importing e-fuel cases from production locations namely Midelt, Hassi R’'mel and
Sharma. Even though the distance between Cologne and Sharma is the longest and the
transportation cost is higher however, the lower LCOH compensates the higher transportation
of H2 via pipelines. And results in slightly lower LCOE. Powering the CCGT with locally produced
green NH3 results in a higher LCOE (323.5+47. 5 €/ MWh) compared to electricity production
using imported e-fuel from MENA production location; this higher LCOE is attributed to the
higher cost of green H2 production, which depends on the solar irradiance at the end. Besides
the higher LCOE of produced electricity using locally produced e-fuel, the deviation of the LCOE
is higher compared to the cases where H2 is produced and imported from Midelt, Hassi R'mel
and Sharma, due to higher uncertainty of solar irradiance Cologne.

The LCOE based on pure green e-fuel is lower than the average monthly electricity prices in
Europe, which has been affected heavily by the global energy crises [50]. Based on Lazerd’s
Levelized Cost of Energy report, the LCOE of natural gas powered CCGT can exceed 250
[€/MWh] which has reached an unprecedented level in 2022 [50, 51]. In this scene, the EU energy
mix needs to be diversified and a higher ration of renewable energy is required to decarbonise
EU energy system. Interestingly, the CO2 emission intensity (Cl) of electricity production based
on green renewable e-fuel has lower extremely footprint compared to the natural gas powered
CCGT. Figure 14 shows the ClI of electricity production in Cologne using imported green
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hydrogen and locally produced green hydrogen; for imported e-fuel from Midelt, Hassi R'mel
and Sharma via pipelines the carbon emission intensity of electricity production reaches 28+4.5
[g.CO2_eq/kWh] which is lower than the Cl for electricity production based on locally produced
e-fuel in Cologne which hits a level of 40.5+6.5[g.CO2_eq/kWh].

In the second scenario, CCGT is powered with 30-70% H2-NH3 fuel mixture. The fuel mixture
contains 70% NH3 which is synthesised using green H2 and 30% H2 which is produced using PEM
electrolyser, transported, stored and used as a fuel with being converted to NH3.
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Figure 15 LCOE [€/MWh] and ClI [g.CO2_eq/kWh] of produced electricity in Cologne based on the production
location of the green e-fuel used to power CCGT: 30-70% H2-NH3 fuel mixture case

The electricity production based on 30-70% H2-NH3 fuel mixture case leads to ~12% lower LCOE
compared to 100% NH3 case (Figure 15). The LCOEs drop from 231.0+21, 233.5+33.5 and
225.5+32.5 €/MWh (100% NH3 case) to 202.0+29, 205.5+29.5and 199.5+28.5 €/MWh (200% NH3
case) for importing e-fuel from MENA production locations namely Midelt, Hassi R‘'mel and
Sharma. Similarly, to electricity production based on 100% NH3 fuel case, the LCOE in Cologne
based on locally produced e-fuel is higher than the produced electricity based on the imported
e-fuel from MENA. Additionally, the carbon emission intensity (Cl) is ~13.1% lower in the case of
electricity production in Cologne based on 30-70% H2-NH3 case compared to 100% NH3 fuel
case. Increasing the percentage of H2 in the H2-NH3 fuel mixture can lead to lower Ci as well as
LCOE, but it will depend finally on the gas turbine operating conditions and the ability to run
using a fuel mixture with higher H2 percentage; as well as the cost of storing H2 and NH3.
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In the D2.6 the evaluation of global impact of the H2-NH3 is performed using the developed
model in D2.3. The objectives of the task were focused on evaluating the contribution of the
imported synthetic renewable based electro-fuel namely hydrogen and ammonia; and their
usage in the energy sector. The two major objectives of the model are:

1. Minimisation of the economic cost (LCOH, LCOE)
2. Minimisation of the Global Warming Potential (GWP).

In WP1, T1.3 the techno-economic models were focused on the power to x to power scenarios
that take in account the locally produced e-fuel (H2 and NH3). In the WP2, task 2.5 the models
are focused on evaluating the rule of imported green e-fuel.

The deliverable D2.6 consists on a report in which the models developed are described. The
description includes the models and the open source Python framework, which is used for
optimisation. The model is used to optimise the capacity of the PV panel size and the PEM
electrolyser size with objectives to minimise the carbon emission intensity and the levelized cost
of H2 and electricity. The procedure of performing the deterministic optimisation and
uncertainty quantifications are described as well.

The results of the optimisation analysis shows that electricity production in EU power plants
using pure green e-fuel has lower levelized cost of electricity LCOE and lower carbon emission
intensity (Cl) for imported green hydrogen from MENA compared to locally produced hydrogen
case. Never the less, the carbon emission intensity (Cl) of electricity production using imported
or locally produced hydrogen is over 10 folds lower than the Cl of electricity production using
fossil fuel. The model is applied for electricity production in Cologne, Germany; which can be
performed for other location in Europe.

The imported green e-fuel from EU neighbouring countries is technically visible, and
economically viable. Additionally, it can secure the energy supply by diversifying the EU energy
sources instead of relying heavily on unsecured energy sources.
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In this work, the computational framework, namely RHEIA [4] is used to facilitate multi-
objective optimisation of the engineering model and uncertainty quantifications. The
framework is based on Python programming language and the engineering models. The well-
established evolutionary algorithm Non-dominated Sorting Genetic Algorithm (NSGA-I1) is used
for the deterministic design optimisation process. The NSGA-Il is used to optimise (maximise,
minimise) the quantity of interest so called design variable. The design variable _for instance
levelized cost of energy (LCOE), quantity of produced H2 (m_H2), and/or global warming
potential (GWP)_ can be changed by the designer to achieve the optimal values. In contrast, the
model parameters are beyond the designer’s control. For instance, the solar radiation and
temperature over 6780 hours annually cannot be controlled by the designer, the capital
expenditure (CAPEX) and the operating expenditure (OPEX).

First, Python can be installed in several ways. If the distribution platform is no constraint, we
recommend installing Python via the Anaconda Python distribution, which includes many
common packages in data science (and used in RHEIA), such as NumPy and SciPy [4]. Package
dependencies. Several packages are required to run RHEIA to evaluate the hydrogen-based
energy system models:

e Included in Anaconda native installation:
o NumPy
o SciPy
e Other packages:
o pyDOE
o SobolSequence

To perform deterministic design optimisation:

e Included in Anaconda native installation:
o NumPy

e Other packages:
o pyDOE
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o DEAP
To perform robust design optimisation:

¢ Included in Anaconda native installation:

o NumPy
o SciPy
e Other packages:
o pyDOE
o SobolSequence
o DEAP

The framework can be installed on C:\ drive as follows C:\Users\user.name\Anaconda3\Lib\site-
packages\rheia. In the framework folder, the following sub-folders are organized: CASES, OPT,
POST_PROCESSING, RESULTS and UQ.

RHEIA
+---CASES
+---OPT

+---POST_PROCESS
+---RESULTS
+---UQ

In the following section, the modelling tool, structure, folders and files will be explained in
details.

Figure 16 illustrates the optimisation process where the genetic algorithm functions is in the
outer loop and the polynomial chaos expansion algorithmis in the inner loop (Figure 16).
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Figure 16 Flow diagram of the optimisation process where the genetic algorithm functions is in the outer loop and
the polynomial chaos expansion algorithm is in the inner loop.

In the outer loop, the iteration of the NSGA-II procedure starts with an offspring Q: which is
created from the population P: (Figure 17, 1) using genetic operators such as crossover and
mutation [52]. From the population and offspring, the design samples are sorted [53] in non-
dominated fronts, based on their dominance in the objectives (Figure 17, 2). From the first front
F., design samples are all stored in the new population P+, (Figure 17, 3). in the second front F,
the design samples are sorted based on crowding distance (Figure 17, 4) and the remaining
places in the new population P, are filled with the design samples with the highest crowding
distance among the samples in F, (Figure 17, 5). The remaining design samples in F2 and F3 are
rejected [45].
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Figure 17 The main procedure of the evolutionary algorithm Nondominated Sorting Genetic Algorithm (NSGA-II)
[45]

The number of iterations for (NSGA-II) process depends on the stopping criterion. Either direct
termination criteria or performance indicator termination criteria can be used. The direct
termination criteria (e.g., limiting the time budget, stop when the difference between the best
objective value and the mean of the objective values in the last generation is below a threshold).
In the performance indicator termination criteria (e.g., the hyper-volume metric, which
represents the volume defined by the set of design values and a reference sample in the
objective space, Figure 2.4) [54]. The Robust design optimisation (RDO) using NSGA-II
procedure is explained in details by [45, 55].

The polynomial chaos expansion (PCE) (Figure 16) is used for robust design optimisation and
uncertainty quantification. The loop is initiated by a dictionary (Code 1) and each design sample
undergoes an uncertainty quantification analysis. The analysis determines the mean and
standard deviation on the quantity of interest for that design sample by propagating the
uncertain parameters. The mean and standard deviation for each quantity of interest from each
design sample set are returned to the genetic algorithm. The best-performing design samples
are stored, and new design samples are generated, for which the mean and standard deviation
on the quantity of interest are quantified again in the inner loop. This process is repeated until
meeting the stopping criterion, which evaluates these results and proceeds to generate new
designs that need to be evaluated in the uncertainty loop.
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In RHEIA work-package folder, the CASES folder includes pre-modelled cases as examples. In
each case folder, files are required to characterise and evaluate the case. In the following, ane.qg.
for the H2_FUEL case:

RHEIA

+---CASES

| +---H2_FUEL

| | | case_description.py
| | | h2_fuel.py

| | | design_space

| | | stochastic_space

| | | __init__.py

To run a model, either the system model is present (Python-based model, e.g. h2_fuel.py), ora
Python wrapper is present, which is called by e.g., a closed-source executable file. The
design_space file includes the bounds for the design variables and the mean values for the model
parameters. The stochastic_space file includes the stochastic characterization of the random
parameters (i.e., the variance and distribution type). Finally, the case_description Python module
operates as a Python wrapper, which contains a function to read and store the fixed parameters
for model evaluation and a function to evaluate the system model. It enables the evaluation of
the system model with the samples provided by the optimisation or uncertainty quantification
algorithms [4, 45].

Initiating the procedure: the optimisation procedure can be started by characterizing a
dictionary and providing this dictionary as an argument to the run_opt() function. For instance,
the following dictionary (Code 1) with the input sample names (as defined in design_space.csv
and stochastic_space.csv). The corresponding values are the values generated by the
optimisation or uncertainty quantification algorithm. The dictionary passes values directly as an
argument to the model for evaluation.
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The case_description module enables to connect the system model to the uncertainty
quantification and optimisation algorithms. The module includes two functions: set_params()
and evaluate().

# dictionary
import rheia.OPT.optimisation as rheia opt
import multiprocessing as mp

dict opt = {'case': 'H2 FUEL CO2',
'objectives': {'ROB': (-1, -1)},#(-mu, -std)
'stop': ('"BUDGET', 72000),
'n jobs': int (mp.cpu_count () / 2),
'population size': 20,
'results dir': 'run 1°',
'pol order': 2,
'objective names': ['"LCOH', 'CO2'],
'objective of interest': ['LCOH'],

}

if name == ' main
rheia opt.run opt(dict opt)

Code 1 optimisation dictionary to perform a deterministic design optimisation

Results folder: the results of deterministic, robust optimisation and uncertainty quantification
of each case can be found in the results folder (e.g. C:\Users\username\Anaconda3\Lib\site-
packages\rheia\RESULTS).

+---RESULTS

| +---H2_FUEL_CO2

| | +---ROB

| | | \---run_1

| | | | | fitness

| | | | | population
| | | | | STATUS
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The results can be plotted using the methods provided in the post-processing classes, defined in
the post-processing module (Code 3).

RHEIA
+---POST_PROCESS

| | lib_post_process.py

| | __init__.py

The system model output of interest is a deterministic design optimisation technique optimised
by searching a finite design space constructed by selected model input parameters (also called
design variables). Robust design optimisation works on the same principle. Fundamental
changes focus on the probabilistic treatment of model input parameters (i.e. uncertainty
definition and propagation). This determines the optimisation of the mean and the minimization
of the standard deviation of the considered model outputs. The multi-objective optimisation
algorithm used in RHEIA is the Nondominating Sorting Genetic Algorithm (NSGA-II). The design
variables and model parameters are characterized in the design_space.csv file. As per robust
design optimisation, the uncertainty on the respective design variables and model parameters
is characterized in the stochastic_space.csv file. The system model evaluations are coupled with
the optimisation algorithm in case_description.

To perform a deterministic design optimisation, the following optimisation dictionary has to be
filled and passed as an argument to the run_opt() function, see the following Code 2.

import rheia.OPT.optimisation as rheia opt
import multiprocessing as mp

dict opt = {'case': 'H2 FUEL CO2',

D2.6 "Evaluation of the Global impact of H2/NH2 based combustion processes” 40



'objectives': {'DET': (-1, -1)},
'stop': ('"BUDGET', 2000),
'n jobs': int (mp.cpu_count () / 2),
'population size': 20,
'results dir': 'run 1°',
}

if name == "' main_ ':

rheia opt.run opt (dict opt)

Code 2 optimisation dictionary to perform a deterministic design optimisation

For instance, in the dictionary, the case folder name 'H2_FUEL_CO2'is provided, followed by
the optimisation type 'DET' and the weights for both objectives, i.e. minimization for the first
returned objective LCOH and minimise for the second returned objective IC (CO2 emissions).
The objectives LCOH and IC (CO2 emissions) are stated in the case_description.py and the
optimisation results are stored in the directory as it is set in the optimisation dictionary (Code 2).

The results can be plotted using the methods provided in the post-processing classes, defined in
the post-processing module. Forinstance, Code 3is used to post-process data, y[o] and y[1] refer
to the optimised objectives, e.g. LCOE and IC (CO2 emissions). (x_in in x) refers to the design
parameters e.g. (n_pv) PV capacity range, (n_PEMEL) electrolyser capacity range which are
stated in the design_space file in the CASE folder. (additional information is available on the
framework website).

# -*- coding: utf-8 -*-

mwrmwwn

Created on Thu Jun 2 20:30:25 2022

@author: zayoud

mwrmwwn

import rheia.POST PROCESS.post process as rheia pp
import matplotlib.pyplot as plt

case = 'H2 FUEL CO2'

eval type = 'DET'

my opt plot = rheia pp.PostProcessOpt (case, eval type)
result dir = 'climate Midelt ma co2'

y, X = my opt plot.get fitness population(result dir)

plt.plot(y[0], y[l], '-o')
plt.xlabel ('LCOE [euro/kg]")
plt.ylabel('ci [kg.CO2 eq/kg.H2]"'")
plt.show ()

for x in in x:
plt.plot(y[0], x in, '-o'")
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plt.legend(['pv capacity'l])
plt.xlabel ('LCOE [euro/kg]')
plt.ylabel ('capacity [kW]"')
plt.show()

Code 3 Postprocessing the performed deterministic design optimisation and plotting the results
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Figure 18 (LHS) Pareto front of the optimisation objectives shows the trad-off between LCOH and CI (CO2
emissions intensity); (RHS) the design variable versus optimisation objective LCOH

Polynomial Chaos Expansion (PCE) is adopted as an uncertainty quantification (UQ) method
(Figure 17). Since PCE provides significant advantages, such as the analytical quantification of
the statistical moments and the sensitivity indices (i.e., Sobol’ indices). The PCE is linked with
NSGA-Il optimiser in the RHEIA framework [4].

Uncertainty can be divided into two categories: epistemic uncertainty, which is due to a lack of
knowledge about a certain parameter, and aleatory uncertainty, whichis related to the unknown
evolution of a parameter value. The RHEIA framework is used to optimise and quantify this
uncertainty, particularly in renewable energy systems. It has been successfully applied in various
scenarios involving photovoltaic systems, micro gas turbines, wind turbines, and ammonia
synthesis plants.

6.3.2.1 Determination of the polynomial order

According to the PCE truncation scheme, the number of model evaluations needed to create a
PCE for each design sample depends on the maximum polynomial degree. For a maximum
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polynomial degree of 1, 2, and 3, the number of model evaluations required is 26, 182, and 910,

respectively. The optimal polynomial degree for an accurate expansion must be determined
iteratively, and more information on this process can be found in the section on design space
screening.

import rheia.UQ.uncertainty quantification as rheia uqgq
import multiprocessing as mp

case = 'H2 FUEL'
n des var = 20
var dict = rheia ug.get design variables (case)

X = rheia ug.set design samples(var_dict, n_des var)
for iteration, x in enumerate (X) :

rheia uqg.write design space(case, iteration, var dict, x, ds =
'design_space tutorial.csv')

dict ug = {'case': case,
'n jobs': int (mp.cpu_count () /2),
'pol order': 1,
'objective names': ['"LCOH', 'mh2'],
'objective of interest': 'LCOH',
'results dir': 'sample tutorial %i' %iteration

}
if name == ' main
rheia ug.run ug(dict ug, design_ space =
'design space tutorial %$i.csv' %$iteration
Code 4 Determination of the polynomial order for specific case e.g. case ='H2_FUEL' and objective of interest e.g.

LCOH

The functions get_design_variables() and set_design_samples() are used to generate the samples
through Latin Hypercube Sampling and to assemble the bounds of the design variables and,
respectively. Then, design_space.csv files are created through write_design_space() — one for
each design sample —and a PCE is constructed for each sample. The process is repeated for 'pol
order': 1, 2and 3.

To determine the worst-case LOO error for the 20 design samples, a post_process_uq class
object is instantiated, followed by the call of the get_loo() method (Code 5).

import rheia.POST PROCESS.post process as rheia pp

case = 'H2 FUEL'

pol order = 1

my post process ugq = rheia pp.PostProcessUQ(case, pol order)
result dirs = ['sample tutorial %i' %i for i in range(20)]

objective = 'LCOH'

loo = [0]*20
for index, result dir in enumerate (result dirs):
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loo[index] = my post process ug.get loo(result dir, objective)

print (max (loo))

Code 5 determine the worst-case LOO error for the 20 design samples, a post_process_uq class object is
instantiated, followed by the call of the get_loo() method

For the provided design samples with a maximum polynomial degree of 1, the worst-case leave-
one-out error is 0.0701. This error decreases to 0.0140 when the maximum polynomial degree is
increased to 2. For this tutorial, a maximum polynomial degree of 2 is considered acceptable and
is therefore chosen for the PCE truncation scheme in the robust design optimisation process.

6.3.2.2 Reducing the stochastic dimension

The Sobol' index is a statistical measure that is used to quantify the importance of a particular
variable or factors in the variability of a system. It is commonly used in sensitivity analysis to
identify the variables that have the greatest impact on the output of a model. The Sobol' indices
can be used to analyze the 20 samples generated to determine the polynomial order. These
indices allow for the identification of the stochastic parameters that have a minimal impact on
the standard deviation of the system. These parameters can be treated as deterministic with
little effect on the accuracy of the mean and standard deviation in the robust design
optimisation process. More information on this method can be found in the section on design
space screening. For a polynomial order of 2, the following parameters can be identified as
having a negligible Sobol' index.

import rheia.POST PROCESS.post process as rheia pp

case = 'H2 FUEL'

pol order = 2

my post process ugq = rheia pp.PostProcessUQ (case, pol order)
result dirs = ['sample tutorial %i' %i for i in range(20)]
objective = 'LCOH'

my post process ug.get max sobol (result dirs, objective, threshold=1./12.)
Code 6 determine the worst-case LOO error for the 20 design samples, a post_process_uq class object

A threshold for the Sobol' index is set at 1/122 (1 divided by the number of uncertain parameters).

Out of the 12 uncertain parameters, 5 have a maximum Sobol' index below this threshold,
meaning that they can be treated as deterministic without significantly affecting the calculated
statistical moments of the LCOH. This reduction in the number of uncertain parameters results
in a 60% decrease in computational cost, as only 72 model evaluations are needed to construct
a PCE for the remaining 7 uncertain parameters, compared to the 182 model evaluations

D2.6 "Evaluation of the Global impact of H2/NH2 based combustion processes” L4t



)
)

flex@)confu

required for all 12 uncertain parameters. By following this strategy, the 5 parameters with a
minimal contribution can be removed from the "stochastic_space.csv" file.

capex_dcdc

opex_pemel

u_sol_irr

infl_rate

capex_pv

int_rate

capex_pemel

k T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Figure 19 Sobol’ indices illustrate that the uncertainty on the interest rate and the investment cost of the PV array
and electrolyser stack dominate the uncertainty on the LCOH.

Finally, the probability density function is plotted with the get_pdf() method:

probability density

Figure 20 The probability density function of LCOE
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The procedure of uncertainty quantification can be performed for variety of objective of interest.
However, the CAPEXpemeL, CAPEXpy, interest rate and OPEXpemer have a high Sobol’ indices and
can be considered uncertain in the planning stage, but are fixed during system operation.
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