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Chapters 1-3 get you started and explain the workstation. Chapters 4-10 follow the engineering
workflow: design basis and library components, solver, drawings, data, annual simulation, economics
and impact assessment, checks and report. Chapter 11 describes the engineering tools — among them
the Component library and the Model builder —, chapters 12—13 the verification and the modelling
assumptions. Step-by-step modelling exercises are provided in the companion document Hasim —
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1 Introduction

Hasim is an engineering workstation for green hydrogen projects. From a compact design basis —
technology, number of modules, power supply, site, water source, storage, delivery and economics — it
builds and solves a consistent engineering model of the complete plant and presents it the way engineers
work: as drawings on sheets with title blocks, stream and equipment tables, datasheets, an annual 8760-
hour simulation, economics, automatic design checks and a printable design report. Every change of an
input re-solves the whole model within a fraction of a second.

The engineering content is taken from two references: the Green Hydrogen Calculations Manual (Edition 3,
“CM”) and the Green Hydrogen Plant Design Manual (Edition 1, “DM”). Hasim implements 137 of their
numbered equations (90 from CM, 47 from DM) as executable functions; results are traceable to these
equation numbers throughout the program and in the reports.

Plants and value chains can also be built from the component level. The component library contains 35
generic components — PV plants, wind turbines, batteries, water plants, electrolyser stacks, power
electronics, balance of plant, compressors, storage vessels, pipelines, tube trailers, refuelling stations and
conversion plants — each with technical, economic, environmental and social data and the sources of its
values; you add your own. The component wizard chooses the equipment step by step and shows the
effect of every choice, and the impact assessment reports the technical, economic, environmental and
social impacts of the plant or chain.

1.1 What Hasim produces

» Nine engineering drawings: process flow diagram with stream table (PFD-001), electrical single-line
diagram (SLD-001), energy and mass Sankey diagrams (SNK-001/002), cell cross-section (CEL-001),
stack and module arrangement (STK-001), water-treatment train (WTR-001), compression train (CMP-
001) and plot plan with safety distances (LAY-001).

« Stream table with temperature, pressure, mass and volume flow and composition of every numbered
stream, plus the energy streams.

« Equipment list with tags following the DM conventions and a datasheet for every item.
e Annual simulation of 8760 hours with a live, hour-by-hour power-flow view.

o Economics: LCOH, CAPEX build-up and a sensitivity (tornado) analysis that re-solves the whole
system.

« Impact assessment: technical performance and checks; investment, NPV, IRR and local content; life-
cycle carbon intensity, embodied emissions, water and land; construction, manufacturing and
permanent jobs, water-stress risk and the safety exposure of neighbours.

» Design checks against the limits of both manuals, of the chosen components and of international
codes, standards and regulations (IEC/ISO, EU, US), a codes and standards screening — RFNBO,
hazardous areas, major-accident regulations, pressure equipment, separation distances, power quality
—and a complete design report.

o Component library with 35 generic components and your own, and the component wizard for plant
projects and Model-builder chains.

» Engineering tools: Cell & Stack Lab, Equation library, Experiments, Component library, Model builder,
Script console and Validation.
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« Hasim 3.0: a plant-sizing optimiser (differential evolution around the complete model, the design
checks as constraints, §9.5); site data — measured weather from PVGIS, NASA POWER, EPW, TMY3,
NSRDB or CSV, hourly prices and grid carbon, price-following grid use (§9.6); Monte Carlo risk curves

with P10/P50/P90, the probability of a cost target and the drivers of the spread (§9.7); policy packs —
EU Hydrogen Bank, US § 45V, India SIGHT, contracts for difference and carbon pricing in the ROI
(§9.8); and a headless engine bundle with a worker pool that runs the optimiser and the risk analysis on

all cores.

1.2 Simulation levels

The equations are organised in sixteen levels that follow the value chain from the electrochemical cell to the

plant, the market and safety:

Level Name Equations
1 Properties & units 10
2 Thermodynamics 6
3 Cell 8
4 Stack & power electronics 9
5 System efficiency & balances 10
6 Renewable supply 12
7 Water supply & treatment 12
8 Cooling & heat 5
9 Compression & purification 8
10 Storage 14
11 Transport 5
12 Power-to-X & end use 12
13 Economics 7
14 Environment & certification 3
15 Safety & materials 13
16 Design basis & reliability 3
Hasim — Green Hydrogen Engineering Suite Page 4 of 89
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Hasim is delivered in four editions built from the same program. All run on the local computer: projects,
inputs and results never leave the device. The Desktop, Portable and Web editions need no internet
connection after download; the Microsoft Store edition uses it for installation and updates and works offline

in between.
Edition Package How to start Best for
Desktop Hasim_Desktop_v3.0.0.zip Unzip, double-click Hasim.vbs (Windows) or run Daily engineering
hasim.sh (macOS/Linux). Optional Start-menu work in a dedicated
shortcuts with Create_Shortcuts.cmd. window
Portable Hasim_Portable_v3.0.0.zip Double-click Hasim_Portable.html — one self- USB sticks,
contained file. restricted
computers,
classrooms
Web / Hasim_Web_v3.0.0.zip Copy the folder to a web server; open index.html.  Company intranets,
intranet Installable as an app, works offline after the first teaching labs
visit.
Microsoft Hasim in the Microsoft Store Buy it in the Microsoft Store (search “Hasim”) — Individual
Store (Windows 10/11) one price, paid once — and start it from the Start engineers and
menu. It starts as the full version; updates arrive researchers on
automatically (§2.4). Windows
Online hasim website » Try online Opens in the browser; projects stay in the browser. A first look without
evaluation downloading

2.1 First start

On the first start Hasim shows the welcome screen with the licence agreement. After you accept it, the 14-

day evaluation starts automatically (Figure 2.1). The example project “Case B — 100 MW AEL, islanded
hybrid, ammonia export” is loaded and solved.

Hasim — Green Hydrogen Engineering Suite
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Figure 2.1 — Welcome screen with the licence agreement, shown on first start.

Hasim - licence agreement

H: Welcome to Hasim
Green Hydrogen Engineering Suite 3.0.0- owner & developer Prof. Hani Muhsen
‘ou can evaluate every funclion of Hasim for 14 days. Evaluation outputs camy a watermark. After the evaluation Hasim opens only the example
projects (read-only) until 3 licence is active - your saved preject files are kept and open again with 3 licence. Buy a licence to use Hasim commercially.

Academic Professional Perpetual
Teaching and research st accredited institutions. Commencial enginesring use, anmusl. Own the current version, 12 months of updates.

HASIM END-USER LICENCE AGREEMENT (EULA}

Hasim ("the Software”) is owned and developed by Prok Hani Muhsen ["the Licensor™). © 2026 Prof. Hani Muhsen. All rights reserved. 8y installing, opening or
using the Software you agree 1o this Agreement

1. Licence grant

The Liesnsor grants you & non-sxelusive, nan-transterable licenee 16 use the Saftware seeording 15 the licence type purchased (Aeademic, Professionsl
Professional Perpetusl, Team or Site) for the number of namied users (seats) stated in your licence key and for its validity peniod. The evaluation version may be.
used for 14 days slely to evaluate the Software; autputs of the evaluation and viewer modes nd must not be used i

2. Restrictions

You may nct {a) copy: distribute, sell, rent,lend, sublicense or publish the Software or licence keys; (b) reverse engineer, decompile, disassemble or modiy the
Software, or remove or ahter copyright notices, watermarks er licence ehecks; (c) use Academic licencas for commercial worl (d) share ane licence key amang

v siraer thas thas saahe sussrhnsad

[ 1 have read and accept the Hasim licence agreement.

£ v

2.2 Evaluation, viewer and licensed modes

Viewer (after

© 2026 Prof. Hani Muhsen

Function Evaluation (14 days) evaluation) Licensed
Example projects, drawings, tables, v v (read-only) v

charts

Edit the design basis, solve N — v

Save and open projects (.hasim) v - v

Export SVG / CSV / HTML, print v watermarked (also on printouts) - v
Engineering tools v Validation only v

Drawing title block “Evaluation copy — not for “Viewer — not licensed”  “Licensed to

commercial use”

The licence state is shown by the badge in the title bar and in the status bar. Evaluation outputs carry a
diagonal watermark and must not be used commercially (Figure 2.2). Hasim reminds you during the last
three days of the evaluation. Your own project files are kept after the evaluation and open again as soon as

a licence is active.

Hasim — Green Hydrogen Engineering Suite
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Simulate Drawings Tools  Help

Case B - 100 MW AEL islanded hybrid, ammonia export
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© 2026 Prof. Hani Muhsen. Al rights reserved. Owner & developer: Prof. Hani Muhsen.
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Figure 2.2 — Evaluation mode: the licence badge in the title bar and the watermark on the drawing.

2.3 Activating a licence key

Licence keys are used in every edition; Hasim bought in the Microsoft Store needs no key (§2.4).

sent by e-mail. It starts with HASIM- .

the title block and no watermark.

Hasim — Green Hydrogen Engineering Suite

Buy a licence on the Hasim website. The licence key is shown on the order-confirmation page and

In Hasim, click the licence badge in the title bar or choose Help » Activate licence.
Paste the complete key (or load a .hasimlic file) and press Activate (Figure 2.3).

The badge turns green and shows the licensee. Drawings and reports now carry “Licensed to ...” in
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&£ Activate Hasim

You are evaluating Hasim (14 days left). Enter the licence key you received by e-mail after your purchase
to unlock unwatermarked outputs and permanent use.

Figure 2.3 — The activation dialog. Keys are digitally signed and verified offline.

Good to know

Licence keys are verified offline with a digital signature (ECDSA P-256); no account or internet
connection is needed. A key can be used on up to three computers of the same named user (see the
EULA). To move to a new computer, activate the same key there. Lost keys can be retrieved on the
website with the e-mail address used for the purchase. Subscriptions renew automatically; after each
renewal you receive a new key by e-mail — activate it before the old one expires. A Professional
Perpetual licence covers every version released during its update period; earlier versions remain
available on the download page. Hasim re-checks the licence whenever its window regains focus. If
the browser blocks local storage for Hasim, the activation dialog warns that the licence stays active
only for the current session.

2.4 Buying Hasim in the Microsoft Store

In the Microsoft Store Hasim is a one-time purchase: one price, paid once — a lifetime licence for one user
with all updates of the Store edition. Microsoft handles payment, receipts, taxes and refunds; there is no
licence key to enter and no sign-in.

0 Try Hasim first: its web address in a browser runs as the free 14-day evaluation. Buy there explains
the purchase and opens the Hasim page in the Microsoft Store (Figure 2.4).

Buy Hasim in the Microsoft Store with your Microsoft account and install it — a desktop app of about
100 MB.

e Start Hasim from the Start menu: it starts as the full version, with the badge “Licensed - Microsoft
Store” and no watermark. A click on the badge shows the licence (Figure 2.5).
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T Get Hasim in the Microsoft Store X £ Hasim licence X
Hasim is sold in the Microsoft Store as a one-time purchase: one price, paid once = a lifetime Hasim is licensed. Thank you for supporting the development

licence for one user with all updates. Installed from the Store, Hasim starts as the full version; no

licence key and no sign-in are needed. Licence type Full version - 1user - lifetime

Payment, receipts and refunds are handled by Microsoft, and the Store shows the price in your Bought through ~ Microsoft Store - one-time purchase

currency. The purchase belongs to your Microsoft account: install Hasim from the Store on your Updates Included - through the Microsoft Store

other Windows computers with the same account. . )
Runs as Hasim installed from the Microsoft Store

This copy runs as the 14-day evaluation; the full version is Hasim installed from the Microsoft
Store. Universities and companies that need several licences can ask for licence keys:
sales@hasim-software.com

Bought in the Microsoft Store with your Microsoft account. To use Hasim on another Windows computer,
install it from the Store with the same account; refunds are requested from Microsoft

T Open the Microsoft Store £ Enterlicence key.. Close Close

Figure 2.5 — Hasim installed from the Store: full version,

Figure 2.4 — Buy in the free evaluation: the one-time purchase
lifetime licence, one-time purchase.

in the Microsoft Store.

Good to know

Hasim from the Microsoft Store is a desktop app that contains the whole program: it works without an
internet connection and starts as the full version — no key, no sign-in. On your other Windows
computers, install it from the Store with the same Microsoft account. The web address in a browser
always runs as the evaluation. Help » User Manual (PDF) opens the manuals (a copy is saved in
Documents\Hasim). Refunds are requested from Microsoft. Universities and companies that need
several licences use licence keys (§2.3), which work in every edition.

2.5 System requirements
« Windows 10/11, macOS 12 or newer, or a current Linux desktop. The Microsoft Store edition needs 64-
bit Windows 10 (version 1809 or later) or Windows 11 and about 400 MB of disk space.
« A current browser engine: Microsoft Edge, Google Chrome, Firefox or Safari (the desktop edition uses
the Edge engine included in Windows).

» 4 GB RAM; a screen of 1366 x 768 or larger is recommended. Hasim also adapts to tablets and phones
(Figure 3.6).

Hasim — Green Hydrogen Engineering Suite Page 9 of 89



Hasim 3.0.0 - User Manual © 2026 Prof. Hani Muhsen

3 The engineering workstation

Hasim uses the layout of engineering workstations such as process simulators: menus and a ribbon at the
top, the project explorer on the left, tabbed documents in the centre, the properties panel on the right, the
message log at the bottom and a status bar (Figure 3.1).
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Home Drawings Analysic  Tools  Help
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Figure 3.1 — The Hasim workstation with the project overview of Case B.

Area Purpose

Title bar Hasim logo, menus (File, Edit, View, Simulate, Drawings, Tools, Help), project name with “e” for unsaved
changes, licence badge, Buy button and theme switch.

Ribbon Tabs Home, Drawings, Analysis, Tools and Help with the most used commands, grouped as in
engineering software.

Project Tree of all project documents — overview, design basis, the nine drawings, stream table, equipment list,
explorer annual simulation, economics, impact assessment, design checks, report — and the engineering tools.
Documents Open documents as tabs. Drawings open in a zoom/pan viewer; tables and charts scroll.

Properties The design basis as an editable property grid, or the datasheet of the selected equipment or stream.
Messages Solver messages, warnings and input changes; a second tab lists the design checks.

Status bar Solver state and time, plant summary, hydrogen production, LCOH, carbon intensity, licence and

copyright.
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3.1 Menus and ribbon

The File menu creates new projects with the New project (wizard) or from the examples, opens and saves
.hasim project files, exports the stream table, equipment datasheets, hourly results and the design report,
and prints the active document (Figure 3.2). Edit provides undo/redo of input changes; View toggles the
panels and the theme; Simulate solves, controls auto-solve and opens the annual simulation, economics,
impact assessment, checks and report; Drawings opens the drawings; Tools opens the engineering tools,
the Component library and the component wizard of the plant; Help contains the user guide, licence
functions and About.

te  File Edit View Simulate Drawings Tools Help

Home Drawings Analysis  Tools B New project (wizard)...

Q [} @ A MEW PROJECT FROM EXAMPLE iE] Q Ia P

New* Open  Save Solve © [ Case A 10 MW PEM, grid-connectad, industrial park Designbasis Sitedata Report  Activat

)

| [ CaseB- 100 MW AEL, islanded hybrid, ammania export

Project Saive Project data
PROJECT EXPLORER X @ [& Case C—1 MW PEM refuelling hub (small scale)
- O Case B- 100 MW AEL islanded h... 31 Open project... Ctrd=0
B Cverview ¢ . monia export
‘ | s B saveproject CUrl+S hind + 60 MWh battery - ammonia 45 000 t/a
BB Design basis !
@ Site data &, Export stream table (CSV)
- [ Drawings 9 &, Export equipment list (CSV)
% PFD-001 Process flow diagr... | &, Export design report (HTML) 122 va 515 %
SLD-001 Electrical single-line... tnia preduction Capacity factor
¢ ¢ &, Export hourly results (CSV)
FE SNK-001 Energy balance (Sa...
O SNK-002 Water & mass bala... & Print active document ciep 3% 50.71mm
0 CEL-001 Cell cross-section &t.. ed encrgy Raw water (rated)
X Close active document A=W

B STK-001 Stack, module & pl...

0O WTR-001 Water-treatment t.

S CMP-001 Compression train

Fd LAY-001 Plot plan & safety d...
- EE Data

X Close all documents
e e e g default library coml

64583 =

CO; avoided vs grey H

1.89 kg Oze/kg
@ Life-cycle carbon
intansi

1624 job-years 212

Construction jobs Permanent jobs

Figure 3.2 — File menu.

3.2 Project explorer and documents

Click an entry of the project explorer to open it as a tab. Tabs keep their state (zoom, scroll position) while
you switch between them. Close a tab with its x button, the middle mouse button or Ctrl+W. The design-
checks entry shows how many checks pass and turns amber when a check needs review.

3.3 Properties panel

Without a selection, the properties panel shows the Plant components (section 4.6), the Library
components (section 4.7) and the design basis grouped into General, Electrolyser, Power supply, Site and
weather, Grid connection, Water, Storage and delivery, Economics and Impact assessment. Click a group
header to collapse it. Type a value and press Enter; values outside the allowed range are marked red and
not applied. Inputs that differ from the example are marked with a blue bar. When you click equipment on a
drawing or in the equipment list, the panel shows its datasheet with the manual reference of every value
(Figure 3.3); a stream shows its conditions and composition.
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PROPERTIES =

Stream 13
Dry hydrogen 99,9080 %4

+— Design basis | | "g Show on PFD

EH Stream table

CONDITIONS
From D-101

Figure 3.3 — EL-101 selected on the PFD; its datasheet To CP-201

appears in the properties panel. Phase vapour

Temperature 535°C
Pressure 29 bar(a)
hass flow 1908 kgsh
Volume flow 804 m*/h
Mote frost point -70 °C

COMPOSITION (KG/H)
H2 1906 (100.00 wi-%)

Figure 3.4 — Stream 13 (dry hydrogen) selected: conditions
and composition.

3.4 Keyboard shortcuts

Keys Action

F5 Solve the design basis
Ctrl+S / Ctrl+O Save / open project

Ctrl+Z / Ctrl+Y Undo / redo input changes
Ctrl+P Print the active document
Ctrl+W Close the active document

Ctrl+PageDown / PageUp Next / previous document

Alt+1 / Alt+2 / Alt+3 Show or hide explorer / properties / messages
F1 User guide
Drawing viewer Mouse wheel (hover or Ctrl) zooms, drag pans, double-click fits the sheet, click selects

3.5 Themes and small screens

Hasim follows the light or dark theme of the operating system; the theme button in the title bar switches
manually. In the dark theme drawings are shown CAD-style on a dark sheet; exports always use the colours
on screen. On narrow screens the explorer and the properties open as drawers from the title bar.

Hasim — Green Hydrogen Engineering Suite Page 12 of 89
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Figure 3.5 — Dark theme with the single-line diagram.
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Home Drawings Analysis Tools Help

L O @

Mew = Open Save Solve

| Load exan

@ Auto-sohe

Case A-B-C

Hi Overview x

Case B — 100 MW AEL, islanded hybrid,

ammonia export
Arid coast, 29° N - 20 = 5 MW AEL - islanded 180 MWp PV + 60
MW wind + 60 MWh battery - ammonia 45 000 t/a

[& Mew project... B Design report

0O Copy key results

100 mw

Electrobyser capacity

7968 va

Hydrogen preduction

43 422 v=

Ammoania production

51.5%

Capacity factor

56.55 kwhikg

Specific energy (system)

8.16 turng
@ Levelised cost of H:

502.6 veur 0.08 gvg
Total CAPEX Carbon intensity (hourly)
12.6 % 50.71 w'm

Curtailed energy Raw water (rated)

i a

Messages 7 Design checks 11712 =

! Annual hydrogen after gas processing (simulated) vs demand:
786819 t/a (limit = 8010 t/a (97 % of 8258), DM 1.1 / CM 1.4)

! Positive scaling index (LS| 1.86, indicative for seawater
concentrate) — acid or antiscalant against CaCO; scaling (DM 2.6).

i Stacks are replaced every 38197 operating hours, when the cell
® Solved-55ms  H:7968t/a | LCOH 8.16 EUR/kg

Figure 3.6 — Layout on a phone.
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4.1 Example projects

Three complete examples from the manuals are built in. Load them from Home » Example or File » New
project from example.

Case A

Case B

Case C

Plant

Electrolyser

Power supply

Hydrogen [t/a]
Capacity factor

System SEC
[kWh/kg]

LCOH [EUR/Kg]
CAPEX [MEUR]

Carbon intensity [kg
CO2e/kg]

Equipment items /
streams

Design checks
passed

10 MW PEM, grid-
connected, industrial park

2 x5 MW PEM

Grid + PPA (30 MWp PV, 15
MW wind)

1047
67.7 %

56.5

10.18
35.2

3.07

24119

15 of 16

4.2 Editing the design basis

100 MW AEL, islanded hybrid,
ammonia export

20 x 5 MW AEL

Islanded: 180 MWp PV, 60 MW wind,
30 MW/60 MWh battery

7968
51.5%

56.6

8.16
502.6

0.08

26/21

11 of 12

1 MW PEM refuelling
hub (small scale)

1x1.25 MW PEM

Grid + PPA (2 MWp PV)

154
80.1 %

56.8

15.21
8.8

17.87

22/18

15 of 16

Edit values in the properties panel or open the Design basis document, which shows all groups side by
side (Figure 4.1). With Auto-solve on (Home ribbon), every accepted change re-solves the complete
system; with auto-solve off, press F5. Changing the technology loads its minimum-load preset; switching
the product to ammonia selects ammonia delivery. Undo/Redo (Ctrl+Z/Ctrl+Y) step through up to 100
changes. The message log records every change.

Hasim — Green Hydrogen Engineering Suite
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AEL islanded hybrid, ammonia expart

Simulate
Home Drawings Analysis  Tools  Help
B O B ® Auto-solve Load example. - B i2] @ B L
Mew+ Open  Save Soive Case &8 C from the manuals Overview | Designbasis | Stedsts Report  Actvate
Project Soive E Project data
PROJECT EXPLORER X Hl Ovendew x | % PFD-O01 x @ Designbasis x
- [ Case B - 100 MW AEL islanded h... . .
& Overview Design basis r
- - All inputs of the project. Changes ra-colve the complate system (equipment, streame, drawings, annual simulation and economics). Values changed from the
e iEE ] example are marked with a blue bar.
@ Site data

B PFD-001 Process flow diagr...

# SLD-001 Electrical single-line... PLANT COMPONENTS

= SNK-001 Energy balance (Sa... Solar PV 180 MWp Wind farm 0 MW
& SNK-002 Water & mass bala.. ) Gnid connection End use | Ammonia plant (Haber-Bosch] v
¥ CEL-001 Cell cross-section &.. To ramiewe an iam sy

B STK-001 Stack, module & pl...
£ WTR-001 Water-treatment t...

S CMP-001 Compression train
fid LAY-001 Plot plan & safety d...

- @@ Data
B Stream table 2
= Equipment list

I Simulaticn

| Annual simudation 8760 F
@ Economics
€ Impact assessment
@ Design checks @ 11z
4 Optimisation
L Risk curves

Wind turbines
Battery storage
Water treatment plant

Electrolyzer stacks and modules

Messages 7 Design chesks 11712

he related design-basis values (technology, module size, costs, recoveries) snd supplies its

PROPERTIES =

Design basis

Case 8- 100

Edit 2 value and press Enter = the sy
automatically

PLANT COMPONENTS

@ SolarPV

Wind farm

Battery storage

Gnd gonnectio -

Battery storage

End use | Ammonia plant (Haber-Eosch)

t and press Delete

& Impact assessment

eiete
LIBRARY COMPONENTS rone ssiacted
B Component wizard.. || & Impact assessment
Choose..
- GENERAL
Choose..
e Project name Case B - 100 MW AL isls
" ErEEE—
rreree Site Adid coast, 25" N
|.(‘9 a3l owner of the docu.
Choose.. Prepared by
Approved by
.y ..
Cheoes Prod Jm— v
Pamand ftia M.l AT
=2

Annual hydrogen after gas processing (simulated) vs demand: 796819 t/a (mit = 8010 ¥'a (97 5% of 8258, DM 1.1/ CM 1.4}

! o1s:41:29

' o8:u1:29 Positrve sealing index (LS 1.86, indicative for seawater concentrate) - acid ar antiscalant against CaC0, sealing (DM £6).

P15 Stacks are replaced every 58197 apesating hours, when the cell voltage has risen by 10% at 3.2 4V/h (CM £.6) - earlser than the stated ife of 80000 b
!o15:41:29 Opesating minimur load raised from 20 % to 28 % at lower loads hydregen in oxygen would exceed the 2 % trip [CM 7.7, DM 10.2),

4 15:41:29  Sobver System salved: 2 equipment items, 21 streams, 8760-h dispatch in 65 ms.

S 15:41:29  Lieance Licansad ts Prof. Hani Muhsen - Owner . parpatusl

16 EUR/kg

Figure 4.1 — The design-basis document.

4.3 Design-basis reference

The table lists every input with its unit, allowed range and meaning.

Input Unit Range / options

Meaning

General

Project name

Site

Legal owner of the
documents

Prepared by

Approved by

Product Hydrogen / Ammonia

Demand kg/d (H2) or 1 ... 10000 000

t/a (NHs)

0.50...1

Plant availability

Electrolyser

Hasim — Green Hydrogen Engineering Suite

Project name shown in the title bar, drawing title
blocks and the report.

Site description printed on every drawing.

Legal owner of the documents — printed in the title
block of every drawing (ISO 7200).

Person who prepared the drawings and the report
(title block).

Person who approved the drawings and the report
(title block).

Hydrogen delivered as gas, or ammonia produced
in a Haber—Bosch loop (adds ASU, synthesis loop
and NH; tank).

Hydrogen demand in kg/d, or annual ammonia
production in t/a; drives the sizing chain and the
demand check.

Fraction of the year the plant is available (DM 1.1).
The annual simulation takes the modules out of
service for maintenance one at a time, in six blocks
per year, so that the time average equals this value.
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Input

Technology

Number of modules

Module rating

Minimum load

Design full-load hours

System CAPEX

Stack share of
CAPEX

SOEC heat for steam
raising

Price of external heat
(SOEC)

Power supply

Supply concept

PV capacity

Wind capacity
Battery power
Battery energy

Renewable share of
supply (sizing chain
only)

Electricity price

Curtailment
allowance (sizing
chain only)

Surplus renewable
energy (grid-
connected)

Price of sold surplus
PV CAPEX (islanded)

Wind CAPEX
(islanded)

Battery CAPEX

Site and weather

Hasim — Green Hydrogen Engineering Suite

Unit

MW

h/a

EUR/KW

EUR/MWh

MWp
MW
MW
MWh

EUR/MWh

EUR/MWh
EUR/KWp
EUR/KW

EUR/kWh

Range / options

PEM / Alkaline (AEL) / AEM / Solid oxide
(SOEC)
1...200

0.10... 50
0...0.90

500 ... 8760

100 ... 10000
0...0.80

Electric boiler and heaters / External heat
(e.g. waste heat)

0...500

Grid-connected + PPA / Islanded (off-
grid)

0 ... 100000
0 ... 100000
0...10000
0 ... 100000
0...1
0...1000
0...0.90

Curtailed / not bought / Sold to the grid
(pay-as-produced PPA)

-100 ... 500
0...5000
0...6000
0...3000

© 2026 Prof. Hani Muhsen

Meaning

Electrolysis technology; loads the cell, stack and
operating-condition presets.

Number of identical electrolyser modules, each with
its own transformer and rectifier.

Rated DC power of one module.

Minimum stable load of the dispatch. A lower value
than the load at which hydrogen in oxygen reaches
the 2 % trip (CM 7.7) is raised to that load; the H.-
in-O. check reports the load actually used.

Full-load hours of operation used by the sizing
chain (DM 1.2), without downtime; the annual
simulation gives CF x 8760 + availability.

Installed electrolyser system cost per kW.

Share of the electrolyser CAPEX spent on each
stack replacement.

SOEC only: heat for raising the steam and for
operation below the thermoneutral voltage — electric
boiler and heaters (counted in the SEC) or external
heat such as waste heat (paid at the heat price).

Price of external heat for an SOEC.

Grid-connected with a renewable PPA, or an
islanded PV-wind-battery microgrid (generation
CAPEX then belongs to the project).

PV DC capacity.
Wind-farm capacity.
Battery inverter power.
Battery usable energy.

Renewable share of the purchased electricity
assumed by the sizing chain; the annual simulation
computes the grid share hour by hour.

Price of purchased grid/PPA electricity.

Curtailment allowance of the sizing chain.

Grid-connected plants: PPA electricity the
electrolyser cannot use is curtailed (not bought), or
sold to the grid at the export price (pay-as-produced
PPA). Only a sold surplus can be matched with grid
imports in the monthly correlation of the RFNBO
rules (until the end of 2029).

Price received for sold surplus electricity.
PV cost for islanded plants.

Wind cost for islanded plants.

Battery cost per kWh.
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Input
Latitude

Annual GHI

Mean wind speed at
hub

Weibull shape factor
k of the wind

Mean ambient
temperature

Cloudiness index
(synthetic year)

Weather-year seed
(synthetic year)

Wind turbine hub
height

Wind-shear exponent
a (measured wind
below the hub)

Design ambient
(cooling)

Grid connection
and electrical

Grid import limit

Grid use

Target load (target
mode)

Price cap for grid
import (price mode)

Low-price hours
count as renewable

(RFNBO Art. 4(3),
hourly price series)

EU ETS allowance
price (0.36 x rule)

Sold surplus priced at
Grid carbon intensity
MV voltage

Grid fault level

Auxiliary backup
supply

Auxiliary load (x
rating)

Water

Raw-water source

Hasim — Green Hydrogen Engineering Suite

Unit

kWh/m?

m/s

°C

°C

MW

EUR/MWh

EUR/

a/kWh
kv
MVA
MW

Range / options

-66 ... 66
500 ... 2800

1...9999

10 ... 250

0...0.60

-10 ... 55

0...10000

Bridge to minimum load / Always full load
/ Fill to target load / Full load when the
price is at or below the cap

0...1

-100 ... 1000

On / Off

0...500

Fixed export price / Hourly price series

0...1200
6...132
0...100000
0...1000
0...0.30

Municipal / fresh / Seawater

© 2026 Prof. Hani Muhsen

Meaning

Latitude for the solar geometry of the synthetic year.

Annual global horizontal irradiation — scales the
solar year.

Mean wind speed at hub height.

Weibull shape factor of the site wind (2 onshore by
default, about 2.1 offshore); the synthetic year
reproduces the mean and k exactly.

Mean ambient temperature (PV temperature
losses).

Day-to-day variability of the solar resource, 0 clear
... 1 overcast.

Random seed of the synthetic weather year —
change it to test other years.

Design ambient temperature for the dry coolers.

Maximum grid import.

Bridge: the grid keeps the electrolyser at minimum
load when renewables are short; target: tops up to
the target load; full: always rated load.

Target load for the “target” mode.

Carbon intensity of grid electricity.
Medium-voltage level of the plant substation.
Short-circuit power of the grid (fault levels).

Backup supply for the auxiliaries (e.g. of an
islanded plant).

Auxiliary load as a fraction of the electrolyser rating.

Raw-water source.
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Input
Raw-water TDS
RO recovery, pass 1

Recovery, pass 2 /
EDI

DI water consumption

Calcium

Sulphate

Alkalinity
Raw-water pH
Water temperature
Raw-water price

Storage and
delivery

Storage pressure

Minimum storage
pressure

Compressor
discharge
temperature limit

Storage sizing

Buffer

Offtake averaging
window

Offtake turndown
Storage CAPEX

Delivery

Pipeline length
Delivery pressure
Trailer loading
Economics
WACC

Economic life

Other direct costs
incl. battery and
storage (x
electrolyser)

Fixed OPEX (share
of CAPEX)

Impact assessment

Hasim — Green Hydrogen Engineering Suite

Unit

g/L

L/kg

mg/L
mg/L
mg/L

°C

EUR/m?

bar

bar

°C

EUR/kg

km
bar

kg/d

1/a

Range / options

0.01...60
0.20...0.95
0.50...1
9...20
0...2000
0...6000
0...2000
5...10
1...40
0..20
10 ... 900
1...500

120 °C — API 618 6th ed., hydrogen, non-
lubricated / 135 °C — API 618 6th ed.,

general / 150 °C — API 618 5th ed.

Days of full-load flow / From hourly

inventory

0.05...30

0...

0..
0..

720

1

.5000

Pipeline / Ammonia plant / Refuelling
station / At plant fence

0..
1..

2000
200

.. 100 000

..0.30
.. 50

..0.20

© 2026 Prof. Hani Muhsen

Meaning

Total dissolved solids of the raw water.
Recovery of the first RO pass.

Recovery of the second pass / EDI polishing.

Demineralised water per kg of hydrogen, including
losses (DM 6.1).

Calcium in the raw water (scaling).
Sulphate in the raw water (gypsum).
Alkalinity (as CaCO:s).

Raw-water pH.

Raw-water temperature.

Price of raw water.

Maximum storage pressure (compressor
discharge).

Minimum storage pressure (usable inventory).

Highest discharge temperature of a compressor
stage; sets the pressure ratio per stage and the
number of stages (APl 618: 120 °C for hydrogen-
rich gas in non-lubricated machines).

Size the buffer as days of full-load flow, or from the
8760-hour inventory.

Buffer in days of full-load flow.

Offtake averaging window: 0 = constant offtake, 168
= weekly flexibility.

Minimum offtake as a fraction of the mean offtake.
Storage cost per kg of usable hydrogen.

Delivery route: pipeline, ammonia plant, refuelling
station or plant fence.

Length of the product pipeline.
Delivery pressure at the customer.

Hydrogen filled into tube trailers per day.

Weighted average cost of capital.
Economic life.

Other direct costs relative to the electrolyser
CAPEX — balance of plant, civil works and EPC; the
battery and the hydrogen storage are paid from this
budget.

Fixed O&M per year as a share of CAPEX.
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Input

Labour-productivity
region

Local share of
equipment supply
Local share of

installation & civil
works

Local share of
engineering &
services

Baseline water stress
(WRI Aqueduct)

Distance storage —
site boundary

Distance to nearest
residents

Hydrogen value (for
NPV /IRR)

Policy and
incentives

Policy pack

Capital grant or
investment credit
(share of CAPEX)

Fixed grant

Production premium
in year 1

Premium decrease
per year

Support period

US § 45V premium

by carbon-intensity
tier
Exchange rate

Contract-for-
difference strike price
(0 = none)

Carbon price on
operational emissions

Unit

EUR/kg

MEUR

EUR/kg

EUR/kg

EUR/USD
EUR/kg

EUR/

Range / options

OECD (jobs x 1) / Middle East (jobs x 2)
/ Latin America (jobs % 2.3) / China (jobs
x 1.3) / India (jobs x 1.4) / Developing
Asia (jobs x 1.5) / Africa (jobs % 6.8) /
Transition economies (jobs x 1.7)

0...1
0...1
0...1

Low (<10 %) / Low—medium (10-20 %) /
Medium-high (20—40 %) / High (40-80
%) I Extremely high (> 80 %)

0 ... 100000
0 ... 1000000
0...50

None / EU — European Hydrogen Bank
premium / US — § 45V production credit /
US — § 48(a)(15) investment credit / India
— SIGHT premium / Contract for
difference / Carbon price and avoided-
emission credit / Custom

0...0.90
0...10000
-20 ... 20
0..5
1...30

Off / On (2025 amounts, prevailing wage)

0.30...3
0...50
0...1000

Hasim — Green Hydrogen Engineering Suite
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Meaning

Labour-productivity region; multiplies all
employment factors of the impact assessment
(section 9.3).

Share of the equipment supply manufactured in the
country (local content, local manufacturing jobs).

Share of installation and civil works carried out by
local companies (local content, local construction
jobs).

Share of engineering, services, indirect and owner’s
costs spent in the country.

Baseline water stress of the site (WRI Aqueduct
4.0); with the water source it gives the water-stress
risk.

Distance from the storage yard to the site boundary,
compared with the hazard distances of a storage
leak.

Distance from the storage yard to the nearest
residents (exposure of neighbours).

Value of the hydrogen for the NPV, IRR and
payback of the impact assessment.
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Input Unit Range / options Meaning
Credit for emissions Off / At the carbon price

avoided against grey

hydrogen

Grey hydrogen cost EUR/kg 0...20

(reference)

Grey hydrogen kag/kg 0...30

carbon intensity

4.4 Saving and opening projects

File » Save project (Ctrl+S) writes a .hasim file (JSON) containing the design basis and project
information; File » Open project reads it back and solves it. Hasim also keeps the current project in the
browser storage of the edition you use, so it reappears at the next start. Design-basis JSON files of Hasim
1.x can be opened as well.

4.5 Creating a project from scratch

File » New project (wizard) (also Home » New v and the New project button of the Overview) creates a
plant from scratch in six steps: Product (hydrogen or ammonia, demand, end use), Power supply (grid-
connected with PPA, or islanded; solar PV, wind, battery; grid use and prices), Site & water (climate preset
or own values, municipal water or seawater), Electrolyser (technology, minimum load, CAPEX), Storage &
economics and Review. The minimum load is preset to the lowest load, in steps of 5 %, at which hydrogen
in oxygen stays below the 2 % trip; a lower value would be raised to the trip limit in the simulation. With
Size the plant for me, Hasim runs the complete 8760-hour model repeatedly and sizes the electrolyser
modules and the power supply so that the yearly production after gas processing meets the demand -

whole modules first, then the solar and wind volumes close the remaining gap; alternatively enter the sizes
yourself. The review shows the expected production, capacity factor and an indicative LCOH before the
project is created.

Figure 4.2 — New Project wizard, step 2: power supply. Figure 4.3 — Step 6: the plant sized to meet the demand.

A wizard project is an ordinary project. The blue change markers compare with the values chosen in the
wizard, and Edit » Reset design basis to the wizard values restores them. The Model-Building
Examples document walks through a complete wizard project (“Start here”).

Hasim — Green Hydrogen Engineering Suite Page 20 of 89



Hasim 3.0.0 - User Manual © 2026 Prof. Hani Muhsen

4.6 Adding and removing plant components

The Plant components list at the top of the Properties panel and of the Design basis document switches
the optional equipment on and off: Solar PV, Wind farm, Battery storage, Grid connection and Tube-
trailer loading, plus the End use (plant fence, product pipeline, refuelling station or ammonia plant). A
removed component keeps its size, so ticking it again restores it; each change is one step of Undo. At least
one power source must remain; removing the grid connection makes the plant islanded.

Equipment can also be removed where you see it: click it on a drawing or in the equipment list — its
datasheet shows Remove from plant — or press Delete (Edit » Remove selected equipment from the
plant). Hasim asks for confirmation and re-solves the system. Equipment that every plant needs -
electrolyser, gas processing, water treatment, compression and storage, and the electrical equipment that
follows from the electrolyser rating — cannot be removed; its datasheet says why.

PROPERTIES H

Design basis
Agaba Green Hydrogen

Edit a value and press Enter — the system re-solves
automatically.

PLANT COMPOMNENTS

Solar PV 27 MWp
Wind farm 14 MW
[} Battery storage -
Grid connection 7.5 MW import

[ Tube-trailer loading -

End use | Product pipeline hd

Tick to add, untick to remove. Electrolyser, gas processing,
water treatment, compression and storage belong to every
design, To remove an item shown on a drawing, click it and
press Delete

LIBRARY COMPOMNENTS none selected

Figure 4.4 — Plant components in the Properties panel.
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PROPERTIES
a Il 100% & Print ¥, SVG  WT-001
Wind farm - Power supply

O

wian +~ Design basis
T = Equipment list

DATASHEET

Turbine

= & Idenioal module feedert

@ 1M mctrter trasatormer

Turbines [MW]

Weibull scale ¢ [m/s]

Met capacity factor

X Remave from plant

Turbine class limit (annu...

Energy (Weibull) [GWh/a]

Simulated energy (air-de...

Pl Show on drawing

or press Delete

Onshore wind turbine 4.5
MW, large rotor for low
wind {IEC I}

3%47

Mean wind at hub [mys] 7.5
Weibull shape factor k 2

7.5 IEC 61400-1
846 OM 144
0.294 DM 42
36.07 DM 42
32.84 CM143

Figure 4.5 — The wind farm WT-001 selected on the single-line diagram: its datasheet offers Remove from plant.

4.7 Library components of a plant

The equipment of a plant can be chosen from the component library (section 11.4). The Library
components card of the Design basis document (Figure 4.6) — and its one-line version in the Properties
panel — lists the equipment of the plant: solar PV, wind turbines, battery, water treatment, electrolyser

stacks, power electronics, balance of plant, compressor and storage vessels and, depending on the end
use, the pipeline, tube trailers, refuelling station or ammonia plant. Without a selection the plant keeps its
design-basis values, and the impact assessment uses the default component of each type, shown in grey.
The default follows the design basis: the stack and balance of plant of the chosen technology, the water
plant for the salinity of the raw water, the turbine class for the site wind (IEC 61400-1), the vessel type for

the storage pressure.

Library components

[l Component wizard... Companent library

@ Impact assessment

Choose the equipment of the plant from the component library. A component sets the related design-basis values (technology, module size, costs, recoveries) and supplies its
efficiency, emission, land and job data to the models and the impact assessment.

Solar PV plant

Wind turbines

Battery storage

Water treatment plant

Electrolyser stacks and modules

Power electronics (rectifier + transformer)

Balance of plant (gas processing, circulation,

cooling)

Hydrogen compressor

Hydrogen storage vessels

Ammonia synthesis and air separation

PV plant — bifacial glass-glass modules, single-axis trackers | Hasim library
POA, gain 1.3 - 700 Wi - 580 EUR/KWip - 900 kg COze/kWp

Onshore wind turbine 4.2 MW, high wind (IEC 1) | Hasim library
4.2 MW . rated 13 m/s . 1250 EUR/W . 448 kg COze/kW

Battery — LFP lithium-ion, 4-hour containers | Hasim library
4 h - RTE0.870 - 300 EUR/KWh - 30.8 kg COze/kWh

Design-basis values
Impact data frem the default: Seawater RO with energy recovery + second pass + EDI

Alkaline stacks — large pressurised, 10 MW modules | Hasim library
AEL - 10 MW modules - min. load 0.200 - 420 EUR/KW - 253.7 kg COze/kW

Design-basis values
Impact data frem the default: 12-pulse thyristor rectifier + transformer + harmonic filter

Design-basis values

Impact data from the default: Balance of plant for alkaline — lye loop, separators, deoxe + dryer, dry
coolers

Design-basis values

Impact data frem the default: Reciprocating piston compressor, oil-free

Design-basis values

Impact data from the default: Steel pressure vessels (Type I), up to 300 bar

Design-basis values
Impact data from the default: Haber—Bosch loop + air separation (electrically driven)

Choose.. | =

Choose... | =

Choose.. | =

Choose...

Choose.. | =

Choose...

Choose...

Choose...

Choose...

Choose...

Figure 4.6 — Library components of Case B after choosing stacks, PV, wind turbines and battery; the other items use the

Hasim — Green Hydrogen Engineering Suite
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Press Component wizard... — on the card, in the Properties panel, in the Impact assessment or with
Tools » Component wizard for the plant. The wizard shows the equipment of the plant as steps;
Choose... on the card opens it at one item.

Choose a component from the list on the left. Hasim default — keep the design-basis values
removes a selection.

Set its size on the right — for example the number of modules, the PV or wind capacity or the battery
power — and change parameters of the component if needed. An edited component is marked
modified; the library itself stays unchanged. Save as my component... adds it to your library, Reset
to library values undoes the edits.

Effect on the model at the bottom re-solves the complete plant — 8760-hour simulation included —
with the components chosen so far: hydrogen, LCOH, investment, life-cycle carbon intensity,
construction and permanent jobs, local content and checks passed (Figure 4.7).

Apply components applies all selections as one change; Ctrl+Z undoes it. The x on the card
removes one selection — the design-basis values stay as they are.

i Component wizard — Case B — 100 MW AEL, islanded hybrid, ammonia export

-
1 Solar PV plant 2 Wind turbines 3 Battery storage 4 Water treatment plant 'Ko Electrolyser stacks and modules ,r} 6 Power electronics 7 Balance of plant

8 Hydrogen compressor 8 Hydrogen storage vessels 10 Ammonia synthesic and air separation

Plant equipment - choose a component

Electrolyser stacks and modules

Hasim default - keep the design-basis values
no library component; the design basis stays as it is

PEM stacks - 5 MW modules

PEM : 5 MW modules - min. load 0.100 - 675 EUR/KW - 137.5 kg COze/kW

Hasim library - Proton-exchange membrane, Ir/Pt catalysts, 30 bar cathode

SIZE IN THIS PLANT
Number of modules -]

= 20 = 5 MW = 100 MW

PEM stacks - 5 MW modules | modified

20

Save as my component...

Proton-exchange membrane, Ir/Pt catalysts, 30 bar cathode — edit a value to use it in this plant; the library stays unchanged.

TECHNICAL DATA USED BY THE MODEL

Technology | PEM i
Alkaline stacks — pressurised, 5 MW modules ) PSRRI
AEL -5 MW modules - min. load 0.200 - 450 EUR/KW « 253.7 kg COseriwy |  Module rating IMW] E
Hasim library - Alkaline (30 wi-% KOH), nickel electrodes, 30 bar Stack temperature [C] | 80
Alkaline stacks — large p ised, 10 MW modul Cathode (hydrogen) pressure [bar] | 30
NEL . " o . UR/KW - 253.7 . ‘ .
AEL - 10 MW modules - min. load 0.200 - 420 EUR/KW - 253.7 kg COze/kW Rated current density [A/cm’] | 18
Hasim library - Alkaline, large-area cells, 10 MW per module, 30 bar
Area-specific resistance [0 ] | 012
AEM stacks — 1 MW modules voltage dearada e |
AEM - 1 MW modules - min. load 0.100 - 230 EUR/KW - 99.2 kg COse/kW ollage dagracation UK 48
Hasim library - Anicn-exchange membrane, PGM-free catalysts, 10 bar Stack life [h] | 80000
Solid-oxide stacks - 1 MW modules Minimum load [ 035
1 ; : UR/KW - 102
SOEC L MW modules - min. load 0.300 - 660 EUR/KW - 102.6 kg ECONOMIC DATA
COe/kW
Hasim library - Solid oxide electrolysis cells, steam at 700-850 *C Capital cost [EUR/AW] | 675
Fixed O8M (share of CAPEX per year) [1/. 0.025
PEM stack - vendor quotation 2027 ¢ peryearh [1/a] |
PEM - 5 MW modules - min. load 0.100 - 560 EUR/KW - 137.5 kg COze/kW Ernnnmielifn ket I ne
Effect on the model - recalculated with the components chosen so far
7772 va 11.18 EUR/kg 636.2 MEUR 0.02 kg CO:e/kg 1.90 kg CO:e/kg 1938 job-years 324%
Hydrogen @ LoH Imvestment @ GHG intensity @ Life-cyde C Construction jobs Local content
(RFNBQ)
12/13
© Checks passed
Changes take effect when you press Apply - Ctrl+Z undoes them. Cancel MNext — ® Apply components

Figure 4.7 — Component wizard of Case B: PEM stacks with the minimum load edited to 0.35 (marked modified) and the effect

on the whole plant.

A component sets the related design-basis values and supplies its data to the plant models:
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Design-basis values set
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Model data used

Solar PV plant

Wind turbines

Battery storage

Water treatment plant

Electrolyser stacks

Power electronics

Balance of plant

Compressor

Storage vessels

Pipeline, tube trailers,

refuelling station, ammonia

plant

PV CAPEX

Wind CAPEX

Battery CAPEX; battery energy = power x storage
duration

Recoveries of both passes, water source; for a
source of another kind also its typical salinity,
composition and price

Technology, minimum load, module rating and
number of modules (same total rating), electrolyser
CAPEX and stack share

Electrolyser CAPEX and stack share

Electrolyser CAPEX and stack share

Storage CAPEX per kg

Tracking gain, system losses, DC/AC ratio,
temperature coefficient, module power, O&M

Power curve (cut-in, rated, cut-out wind speed),
losses, turbine rating (number of turbines), O&M

Round-trip efficiency, state-of-charge limits, O&M

Maximum feed salinity (check)

Stack temperature and pressure, rated current
density, ASR, voltage degradation, stack life

Rectifier efficiency and type (single-line diagram)

Variable and fixed BoP consumption; technology
(check)

Isentropic efficiency, pressure ratio per stage,
capacity per machine (number of machines),
pressure rating (check)

Pressure rating (check)

Impact data; pipeline design pressure (check)

The electrolyser CAPEX of the design basis becomes the sum of stack, power electronics and balance of
plant (EUR/kW), and the stack share the part of the stacks. When stacks of another technology are chosen,

a balance of plant of the old technology is replaced by the matching one. The component checks of Chapter
10 verify the selection against the design, and the design report lists the components (section 8.4 of the

report).
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5 The system solver

Solving a design basis runs one deterministic sequence; typical solve times are 20-60 ms, including the

8760-hour simulation.

Sizing chain of the Design Manual: cell (CM 3—-4), stack and module (CM 5-6), system efficiency (CM
7), renewables (DM 3—-4), water (DM 6, 8), heat (DM 9), compression (DM 12), storage (DM 13),
transport (DM 14), end use (DM 15-16), economics (DM 20), environment (CM 18) and safety (CM
19).

Equipment: every item receives a tag, quantity and datasheet — separators by Souders—Brown,
coolers from duty and LMTD, deoxo and TSA dryers, compressors per stage, storage vessels, water
plant, dry coolers, vents, end-use units and all electrical equipment.

Streams: the design-point mass and energy balance with numbered streams from raw water to
product, including electrolyte loops, condensate, oxygen and coolant.

Electrical one-line data: rectifier type (12-pulse thyristor for AEL, IGBT active front-end otherwise),
transformer ratings, DC bus, harmonics at the point of common coupling (IEEE 519-2022) and
reactive power, short-circuit currents (IEC 60909), auxiliary transformer, PV/wind/battery/grid feeders.

Annual simulation of 8760 hours (Chapter 8) and the annual energy and mass balances that feed
the Sankey diagrams; the energy balance closes to better than 10-¢ GWh.

Plot plan with areas from the sizing chain, consequence distances of a storage leak (CM 19.1-19.8)
and the separation distances of NFPA 2.

Design checks, messages and the codes and standards screening (Chapter 10).

Consistency

All documents of a project show the same solved state. When you change an input, every open
document is marked as outdated and refreshed when you view it; the active document is refreshed
immediately.
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6 Engineering drawings

Drawings are generated on A3-proportion sheets with frame, zone markers and a title block with the data
fields of ISO 7200: legal owner, identification number (drawing number), revision, date of issue, sheet, title,
document type, creator and approver — the owner, creator and approver are taken from the design basis
(group General) — plus scale, the basis of the drawing, the copyright line and the licence line. Electrical
symbols follow IEC 60617. Line types and colours follow a consistent legend: hydrogen green, oxygen red,
water blue, electrolyte violet, coolant teal, AC power amber, DC power brown.

6.1 Drawing viewer

Zoom with the mouse wheel while hovering (or with Ctrl), with the toolbar buttons or by double-clicking to fit.
Drag to pan. Hover equipment or streams for a tooltip; click to show the datasheet in the properties panel.
SVG exports the sheet as a vector drawing for CAD, reports and presentations; Print prints it. On the PFD,
Stream data switches the stream call-outs on and off.

6.2 PFD-001 — Process flow diagram

Power supply and MV bus, transformers and rectifiers, electrolyser modules with separators and electrolyte
loop, gas processing (cooler, deoxo, TSA dryer), compression and storage, end use, water treatment and
cooling, with numbered stream diamonds, instrument bubbles, stream call-outs and the stream table on the
sheet.
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PV-001 WT-001 BT-001
PV plant Wind farm Battery (BESS)
% 15OM _{—u x 43000 { 30 0180 M

23KV MV busbar - istanded microgrid
TE401
BMVAI 0.4 KV

v

TR
20 x BIMVA

RCA01

S5T.201
47 51 usable - 30-104 bar

12-pulse thyristor
Auseliares 8.0 MW. compressors. pumps, L8V 1121 KA
water plant, coolers, contols
Vi
+ = Hs separater
WTAM
RO +EDI
EL-101
(Alkpling x 20
d |5k } 482 Loleg digm
—— 100 MW - 20 tacics ¥ 230 cels
TK-A01 1933 kb i . Lg
D tank 247 m*
Difeed =
&
g A
E-101 NH-301
AS-301 TK-301
g‘”‘" ASU T8 Ud N ik leap 1z Hr: 36391 33 G [
V- 4
CL401 a0 ooty E-102 CRI01 circulaton
dry coolers 28.8 MW
STREAM TABLE - design point (rated load. Bol)
e Phase T pbar Total kg He o 0 o W, Steam TC phar Total ko He o WO Other
1 Rawwater miae L ] 30 81878 0 0 055 sa 2078 12 Deondsed hyrogen I 2085 1628 ] 10
2 8O concenirai [bene L % 18 ) o o 30181 saks 2078 13 Dry hydrogen G0.0080 5% [T 1608 1608 [ o
3 Demineeaised mae L % 20 0008 [ [ 0w i Cupens v % wr 15300 ) 15339 4
4 Dimaken v condensate L T 077 ] [] 2287 15 Compeaased hydrogen = w000 1908 1908 [] ]
5 Cathode cutes (M » siecirolyie) Wit CIE 1118787 T8 [ THTAD KOH 334084 16 Hydrogen fo ammoria koop T 1032 1032 ] ]
& Anode cutier (O + slectssiyes) L & 00 [RET o 15335 TTRNE2 WOH 334084 17 AreASU a 10 08 [] 1828 0 N,5208 Ar01
7 Eersiye sn L I 222708 ] ¢ 1smeea wowWessiz 1 Nespis W% © e a7 ] ] 0 NoaTeT
3 Cooled eecoipieso scks L n e 2zTow 0 0 155Ke8T KOMOBSIZ 19 Liwid ammonia 3 [X] 5825 [ [ 0 N, 5025
3 Wethydoge v CIE 2306 T3 o ) 20 Cooantretum fhos) i 1) 2888010 ] 9 18127 gyealTTOET
10 Condemat e L sa 15 F) ] ¢ E) 1 Coolantsuppy (cold) 2] 1] 2888810 [ 0 1812237 oheol TTHET
1 Cooles hysvogen v s w7 2085 193 [ @
| — Hyiogen —— Gmgen —— Waimismam  —— Eiecioiyie / loop mater - —- o —— ACpomer = Dipower —— himgen i

— mmora
NOTES
1.AN flows are plant totals at rated OC power, eQupment marked © 5 repeated per module of M.
2 Segaraors szed by Soaters-Erow (DM 10.1]: ga5 water consent by CM 8.5 deoxn AT by CM 4.4,
+ Compression by DM 121112 2. sicrage by OM 13 113.2, stmams mealce! 2w dasign bass charges
4 Ingincrmant tags per 154 §.1: AT = anabvsar (Hyin G O in Hi) FT = pressure, T P

T T T T

PFD-001 for Case B.

6.3 SLD-001 — Electrical single-line diagram

MV busbar with feeders for PV (inverter stations), wind turbines, battery PCS and grid; rectifier transformers
with ratings and impedance; thyristor or IGBT rectifiers with DC data; harmonic filter/STATCOM for thyristor
plants; auxiliary transformer and loads; ratings table.
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MV BUSBAR 33 KV, 50 Hz

PV-001

150 MWD | 144 M
2 v imveners

Hraz
a 3 corvcaee oeoers
200 323 mocues (DM 3.4

WT-001

16 4.2 MW trtines
sl soaie Conveners.

I 33V cosecior

BT-001

30/ 60 Mt
PCS 40 MUA.

a rickforming. biack start

%

™@am
B
BRIOARY

T v L]
0.4 KY auniliary switchboard

-1

FC-101
41,80
h=11.13

%
2

@—

EL-10M

13tack - 4.8 MW DS

) Rating Remarks
Eiactrotyser moules 20 xSA0W 72-puise tyrsor
Rectifier transformes LR R0 k8%
D cutput per module AV 1121 kA 4By
o tactor o821 fring srgie 2140
Reactive compeniation 1.6 omsz
Auilary transtormar shn 8 MW lcad

134 Mt sancedmercyrd

* 20 identical module feeders

TR-A01... rectifier transformer
BIMVA, 1 k8%, 33KV /280V

1 sacendaey 108 kA (IEC 80000 ¢ = 1.1}
RC-A0... 12-pulse thyrister
A28VOC- M21KA- 45 MW

a214" cos Q821 (DMEY)

@_4_

DC busbar
7004 e Cu ot 1.8 Mmen®
foms 7.5k, B 0.67 V (DM 8.3)

Plant
=P_AC 68 8 MW at rated load
= Tystaled ransiommens 134 MyA

*

EL-120

1 5130k - 4.8 MW DG

Harsim Engineering Suite

Electrical single-line disgram

L0001 A NTS.

g | [

6.4 SNK-001 — Annual energy balance (Sankey)

SLD-001 for Case B.

From PV, wind and grid electricity through curtailment, auxiliaries, battery and conversion losses to the
stack DC power, stack heat and the chemical energy (LHV) of hydrogen — and ammonia for Power-to-X
cases. Flow table and key figures on the sheet.

Hasim — Green Hydrogen Engineering Suite

Page 28 of 89



Hasim 3.0.0 - User Manual © 2026 Prof. Hani Muhsen

x 5 : i : i : x
Energy flows, GWh/a
Link widh proportional to energy. Renewatis (LHV) — ammonia.
FLOW TABLE
[ T oma ]
] g W eain
| Wind — Electrical bus. 1783 AN6%|
. 14T 03w
Curtaied ™ nsn
Etectrical bus — Ausilaries @ Tan
 Etectrical bus — Batery losses T 15 A%
Etectrical bus — Electrotyser input e Tew
[ — I . aon
wm-wu 1817 32%)
Eiecirolyserinput — Stack ©C [ amm man
Staek OC — Stack heat C wmm i
 Stack O — Latent hest [ wa s
Staek D — Hydregen [LHV) W80 AT0%
Stk DC — Gas-prostising losses ECE
Fydrogen (LEN) —Ammonia (LIV) = WTR
Hyogen (LH) — Synthesis lasses e 13w
KEY FIGURES
| Qaantity | Vbt
WI;'HM 1 585 0 G
Hydeogen alter gas peocessing (LHV) ! 2055 G
‘Supsiy0-4. eficiency (L) [T
Electroiyser system effciency (LHV) I T
Stack efciency (LKV) BEn
Gurtailed | sold share 126%/00%)
Balance ciosure 0.0000 Gwh
e
8
—— ACpower —— Aoflaes  —— Lowes —— Hex —— Hydrogen —— Ammoria
NOTES
b e — G 82y S (09 Hasim Enginesring Suite Annual balance i
3. Seack hewt = DG anergy = hydrogen HHY (3 the coolart. CM 3,101 HIV = LAV for somam T — aco0t e Tare il
e s e —
“B-IIH&MEL Balancs Masi= (calculated) -
T Pa R s v 3w e e G
o . i b G e
T T T - T ; T T T

SNK-001 for Case B.

6.5 SNK-002 — Water and mass balance (Sankey)

Raw water to demineralised water and brine, electrolysis to hydrogen and oxygen, losses and blowdown,
and nitrogen/ammonia for ammonia plants.
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5 z X
Water and mass flows, kt/a
Link widEh proportional (0 Mass Sow. Raw Waler — Gemineraksed Walsl — Sisrolysis — hyorogen and Ciygen — ammania
FLOW TABLE
Fow ta e
Raw water — Derineralized water | nur_ ik
Raw water — Briree [ reject 1388 528%
Bemineralized water — Electrotysis | !222_ 88%
— Losses & blowdown | 11.467 48%
Etectrolysis — Hydrogen | LA SEY
Etectrolysiz — Gas-processing losses | on  aox
Enctrolysis — Orygen B 23%)
A = Aty | B0 | L 1%
Hydregen — Amemanis T o
Hydrogen — Purge losses. 026 0.1%)
KEY FIGURES
Cuantity Value|
Raw wate ! 2122
Demindralised witer ! s3808 ma
Specilic tow water ! WA
Hydeogen Tdv
Quygen by-product ! 41391 .
Amesnis 43422va
Ammonia
Raw watar 34k 1T2%
2173kta-B50%
— Purge losses
C24ktia 0.1 %
Losses & blowdown I
Brine | reject Makiis 45%
1357 ks SZEN Alr (N
ITha 141%
e
—— ‘iater/3eam  —— Hydogen —— Cmygen —— Losses —— Hivogen
MOTES
1 7 | 7887 4 8) i
25%-“8“3 o par kg i exygen WI&W!‘N!{U;F 2.81) JR— nmmm Anrual and
. - A, ’ ——— v — = e
3. Ammonia by 0.178 kg He and 0.322 kg Ne per kg NHy with 07 % loop yield (DM 15.2): puge. S00z A NTS EEA015 |”,|
e v e —
| Case B 100 MW AEL Iuamded by 1 Balancs dugran L] -
o P s S e e e T
Sy © 250 o s e - s s i o i G
T : T " T T T

SNK-002 for Case B.

6.6 CEL-001 — Cell cross-section and voltage breakdown

Cross-section of the technology’s cell (electrodes, membrane or diaphragm, flows), the voltage breakdown
at the operating point and the polarisation curve with the operating point.
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EL-101 - Alkaline cell at 0.40 Alem?, 80 °C, p(H:) 30 bar, p(O:} 30 bar
1862 V - 0.40 Afcm® - 10.40 kA per cell

Vol breakdown [CM 4.4]
. Y N tage f )
O, -
E_cell 1.862 — n_cone = 0003V (0.2 %)~ CM 4.10
O: He 13 \
ANODE (%) CATHODE () s EHEVRARIEREE
I l . " f_act cathode # 0133V (7.2 %) - CM 45
:I Eaniamy | rLactancde= 0303V (211 %) CM 48
OH: 14

7 3

A
Collvaltags ()

1 ] o
ol
I

«— o E_ree (T, p) = 1281V (877 %) CM 3538
-
N
< KOMMAO in
© @ 60 0 0o -
LAYERS [schematie, notto s2ate) .
1 Bipele plate (M) S KOHgag
2inode 4/ Ny 8 Camade Raney-t
ron 7 Bipoiar piste _
45#:;3,,,, Polarisation curve and operating point
21 |
Anode: 4 OH — 0:+ 2H:0+4 &
ion: OH" [cathode — anode]
Cathode: 4 H:O + 4 &~ — 2 H: + 4 OHF
21
Moot 1% g . 1862V
S Valwe Unt Ret.
Reversible valtage E_rev (T, g} 1281 v cuasas s
7
Themoneutral woltage E_trn 1481 W cmaz o
Ceil voitage E_cell 188z v cu4d
Faradaic efficiency n_F 086 - cMTE "
Hain O ratest ] i load 0821200 % T
Stack SEC 4087 WA CMTS 13
Efficiency n_HHV/ n_LHY 0T98/ 0872 = rvroumm [ T i
Heat released 1014 Kt cuaiz »
- tack e 58167 R cuas e = - — - — - —
Currunt dansity | (iom?)
NOTES

1. Kinttic parameters of the Akaline preset ua 1068 o § 063 Ao, o 1, ASR 018 Dom (CM Tables 42 4.3)
2 perating abtve E_in the o rebtasts baat hat e cosing system removes (CM3.10)

CEL-001 for Case B.
6.7 STK-001 — Stack, module and plant arrangement

Cell stack with end plates and tie rods, module arrangement on the DC bus and the plant hierarchy from
cell to plant with the relations of CM 6.1.
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EL-101 - Alkaline stack: 230 cells x 26 000 cm?, 10 400 A, 428 V, 4 455 kW
ACTIVE AREA {front view)
SIDE VIEW (schematic)
o+ lestrolyte out oot s R Y
iRttty | 1= pa=to4t0n
Lyl |- s SRR DSIE=aov
| P = 4455 KW (CME.1)
+ — = |etsim
181 2em
ssctrolyte in
MODULE: % (51 PLANT: 20 modules - 20 stacks, 4 600 cells, 12657 m* active area
S - H
e H
i H
i ! EL481 EL102 EL03 EL 04 EL108 EL1% L7 EL108 EL108 EL10
; ] . = E s = e = E ] =
| |
] i
i
: RC-101 H
i 1
i H
H
: 1 Bl EL-112 EL-113 EL-1 EL-115 EL-116 EL-7 EL-11E EL-113 EL130
r S L - sam s [ s s s s [ s s
i
’ :
. ~ ~ ~ ~ ]
STACK DATA
Quantity Valoe Uait Quantty Value Unit
Ceils per stack 20 - Stack power (D€ 4a5 W
Col active arva 28000 omt e per stack e ign
Current density (ratec) 0.800 Aot Stacks per module | plant 1120
Stack current. 000 A Catalyst PGul-free
Stack voltage 8 v Degeadation | Eol vottage 2060V ate 551970
i ; .
[ et i ] Stack, moduie and plant arrangement
- = o
s =

STK-001 for Case B.

6.8 WTR-001 — Water-treatment train

Intake, pre-treatment, one or two RO passes (with energy recovery for seawater), EDI polishing, DI tank,
brine outfall with diffuser, flows and qualities; scaling indices and cost of water.
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WT-101 = seawater reverse osmosis, second pass and EDI: 20.01 m*h demineralised water
antiscataet
: N
} acid (pH contral)
5B (Seehinranan)
T —
RO RO-Z E
» P > »
0 4.Q—p 10 ELAY
' d
1
? E
Intzke & screens DAF [ UF pretreatment Cartridge filter HP pump+ ERD | RO pass 1 ROpass2 EDI polishing TK-AD1 DI tank Pa101
50T mih s0I<3 Spm 891 bar ! ¥e4a20% veooo% | $5uSkm T feed pump
i
H '
H 1
LSRN PR
pans-2 regect recycied 2 72 mith
brine 30.7 M - T0.6 gL - diffuser diktion T0 (M 8.8)
i
STREAM DATA CHEMISTRY AND COST
Streaem m'h Sahinity P bar Guuntity Value Ref.
Fawwater 071 410091 3 Feed osmotic pressure 24ba DME1
RO pass-1 feed fincl recyche] 5262 ECE- [l Concentrate asmatic pressun: S55bar DMS1 o
RO pass-1 permeats 2 190 mgL 18 HE arergy with ERD 288 M DME4LS
Brine [ concentrate: 170 ToseL 15 LS of cancentrate findicative) 186 DMES
Pass- reject (recycled) 222 - is Gypsun saturaon a{>05moil) DMET
Oemineralised wabes 001 <01 S 2 Levelised cost of watee 527 EUR DME10
Wator cost pae g He 0058 EURAg DMSI0
Difuser dilution achieved | required 70120 DMBE
MOTES
. Two-puass racovery ¥ = V¥ A1 — ¥t - Y.l with the pass-2 raject recycled 10 the pass.-1 feed (DM 8.2
cerase saleity and peemeats qualty ressures by O  with icbarc ERD by DM £
3, Camansate from s gas coclers s 12 THCAD1 ane refoces the make-up (FFO sraaem 1)
A —
Water-treatment train
e e il b
. et e
T T

WTR-001 for Case B.

6.9 CMP-001 — Compression train

Multistage intercooled compression with stage pressures, temperatures and power, the p—h path and the
specific compression energy.
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CP-201 - 3-stage reciprocating compressor, 29.0 — 100 bar, 1 906 kg/h, 1 437 kW (4 + 1 machines)

Gas temperature along the train (limit 120 °C, AP1618)

STAGE DATA

Suge pinbar  poutha  mto  Zm TG PR @]
“ 1 20 438 181 1021 10 472 428
2 as @2 15 uom 10 m a0
E====c=cc=cccS-cSSScSSSSSSSSSSoSSoSSSCSSoSSooSSoSSSooSoocooosocooooaeE ] w2 000 15 1047 o ) a7
3 20 100.0 245 14837 1264
o0

Specific energy 075 Kihi (2.3 % of LHV]: isothermal minimum 0.48 kivhig (CM 10.1).

[0 Hasim Enginesring Suite

160 W AEL Istandeg hybeid, &

CMP-001 for Case B.

6.10 LAY-001 — Plot plan with safety distances

Areas of substation, rectifiers, electrolyser hall, gas processing, water plant, coolers, control building,
compressor and storage yard and end use, placed to scale with roads; zones for the LFL distance, the 4.7
kW/m? radiation distance and the 10 kPa overpressure radius of a storage leak; the storage yard is placed

beyond the largest of these distances and of the NFPA 2 separation distance, and a battery keeps the
NFPA 855 clearance.
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. " 2 z i
Hydrogen island - site 581 m x 190 m (11.02 ha inside the fence)
Blocks drawn o scale from the sizing of each system; storage yard placed beyond the LFL distanca_ the & 7 kW distance and he NFPA 2 group 1 distance
N
— = — offset 113m=LFL, 3 mm leak (CM 15.5)
affet 4.0 m - 4.7 KN from Ehe leak (CM 18.848.6) A

Fadius B3 m - 10 kPa, 100 kg cloud (CM 19.8)
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Guanery Valoe_Ral NOTES
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LAY-001 for Case B.
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7 Stream table and equipment list

7.1 Stream table

The stream table lists all numbered streams of the design point: from/to, phase, temperature, pressure,
mass and volume flow, and the mass flow of each component (Figure 7.1). The coloured square shows the
stream type. Click a row to inspect the stream, double-click to locate it on the PFD. Export CSV writes the
complete table. The energy streams (AC input, DC power, stack heat, compressor power, heat rejection,
hydrogen LHV) are listed below.
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Figure 7.1 — Stream table of Case B.

No. Stream From — to T [°C] p [bar] m [kg/h]

-

Raw water intake Sea intake —» WT-101 28 3 51978
RO concentrate / brine WT-101 — Outfall 29 1.50 32261
Demineralised water WT-101 — TK-101 30 2 20009

Cathode outlet (H + electrolyte) EL-101 — V-101 80 30 1115757

o o w N

Wet hydrogen V-101 — E-102 80 30 2209
13 Dry hydrogen 99.9989 % D-101 — CP-201 55 29 1906
14 Oxygen to vent V-102 — VS-402 55 29.70 15390
15 Compressed hydrogen CP-201 — ST-201 55 100 1906
16 Hydrogen to ammonia loop ST-201 — NH-301 40 150 1032
18 Nitrogen 99.999 % AS-301 — NH-301 40 150 4767
19 Liquid ammonia NH-301 — TK-301 -33 1.10 5625
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7.2 Equipment list and datasheets

The equipment list groups the equipment by function — electrolysis, gas processing, compression, storage,
water, utilities, safety, end use, power supply and electrical — with tag, description, quantity, key data and
status. A warning chip indicates items with design warnings, for example scaling of the RO concentrate.
Click an item to open its datasheet in the properties panel (Figure 3.3); Export CSV writes all datasheets.
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Figure 7.2 — Equipment list of Case B.
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8 Annual simulation

The annual simulation dispatches the plant hour by hour over a synthetic typical year: solar geometry with a
Markov clearness model scaled to the annual GHI, and an autoregressive wind series with the site’s
Weibull distribution (mean wind speed and shape factor k). The dispatch follows DM Fig. 4.2: renewable
power first supplies the auxiliaries, then the electrolyser between minimum and rated load, then charges the
battery; the remainder is curtailed. The battery bridges shortfalls to keep the electrolyser at minimum load;
the grid tops up according to the grid mode. The storage inventory balances production against the offtake

profile.
Result Case A Case B Case C
Hydrogen [t/a] 1047 7968 154
Capacity factor 67.7 % 51.5% 80.1 %
Full-load hours [h] 5927 4513 7018
PV / wind / grid energy [GWh] 32.8/34.5/10.73 385.8/177.8/1.47 36/0/6.12
Curtailed share 20.4 % 12.6 % 4.3 %
Starts per year 1 268 7
Battery cycles [1/a] 0 194 0
Unserved auxiliary energy [MWh] 0 0 0

8.1 Models of the dispatch

The hourly dispatch contains the following models. They make the annual production the hydrogen that
actually leaves the plant after gas processing, maintenance and ageing — the value compared with the
demand by the design checks.

Model What Hasim does Reference
Solar Hourly GHI — plane-of-array irradiance with the Erbs diffuse fraction, isotropic sky and ground DM 3.2; Erbs et
resource reflection (albedo 0.2) for a fixed tilt or a single-axis tracker (tracking gain = 1.18); the annual sumis  al. (1982)

scaled to gain x GHI. Cell temperature from the NOCT model and power with the temperature
coefficient of the modules; DC/AC clipping at the inverters.

Wind Autoregressive series with daily and seasonal variation, mapped by rank onto the Weibull DM 3.3, IEC

resource distribution of the site: mean wind at hub height and shape factor k (default 2) are reproduced 61400-12-1;
exactly. The generic power curve (cut-in, rated, cut-out speed of the turbine) uses the wind speed Stehly et al.
corrected to the air density of the hour (p/1.225)"Y5; a loss allowance covers wakes, availability, (2024)
electrical and other losses (18.8 % onshore and 15.5 % offshore by default, NREL Cost of Wind
Energy Review 2024).

Availability Every module is out of service for maintenance in six blocks per year, the modules staggered in DM 2.3

time, so that the time-average equals the plant availability; one module means whole-plant outages,
many modules a small derating.
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Model

Minimum
load

Stack ageing

Gas
processing

SOEC heat

Grid and
surplus

Compression

What Hasim does

The minimum load of the design basis, raised if necessary to the load at which hydrogen in oxygen
reaches the 2 % trip. The crossover (CM 7.6/7.7) has three parts: diffusion through the membrane or
diaphragm, the supersaturation of dissolved hydrogen at the cathode (proportional to the current
density) and, for alkaline stacks with mixed lye cycles, the hydrogen carried over by the circulating
lye, set by the lye circulation per cell area (2.2 L/(min m?2) for the preset; O = separated cycles;
optionally reduced in proportion to the load). With the presets the limit is about 28 % for the alkaline
stack at 30 bar with mixed lye and 49 % for a PEM stack at a constant 30 bar. A PEM stack lowers
its cathode pressure below this load in proportion to the load, down to 10 bar, so that hydrogen in
oxygen stays at the trip; the minimum load is then the one at 10 bar (about 15 %), and the hydrogen
produced at part load is compressed from the lower pressure. Recombination catalysts, with which
vendors reach lower loads, are not modelled.

Stacks are replaced at their stated life or when the cell voltage has risen by 10 %, whichever comes
first; the specific energy uses the life-average voltage rise (half of the rise at replacement). The
replacements within the economic life enter the LCOH and the impact assessment.

Oxygen in the raw hydrogen is converted in the deoxo with twice its amount of hydrogen, and the
TSA dryer loses 1 % as regeneration purge; the product is the stack output less these losses.

Below the thermoneutral voltage the stack needs kgg*(Ey, — E) of heat per kg, and raising the
steam about 6.6 kWh per kg of hydrogen — from electric heaters (in the SEC) or from external heat

at the heat price.

Grid use: bridge to the minimum load, fill to a target load or always full load. PPA electricity the
electrolyser cannot use is curtailed or sold at the export price; only sold surplus supports the
monthly RFNBO correlation.

Number of stages from the discharge-temperature limit (API 618: 120 °C for hydrogen), suction at
40 °C or 10 K above the ambient after the intercoolers.

8.2 Live power flow

© 2026 Prof. Hani Muhsen

Reference

CM7.7,1SO
22734-1; Trinke
et al. (2018),
Scheepers et
al. (2020)

CM 6.6, DM 9.1

CM 8.4, DM 10

CM 3.12

DM 4.2, 4.6

CM 10.4, DM
121

The power-flow view shows any hour of the year: arrow widths scale with power, the battery shows its state
of charge and the storage its inventory. Drag the slider, use the quick buttons (summer noon, winter night,

windy day) or press Play to animate the year at 1 hour, 3 hours or 1 day per step (Figure 8.1).

7968 va
Hydrogen

Grid energy

| 1.47 cwh

Live power flow — hour by hour

UL —

% Grid 0 MW >

51.5 % 4513 n 56.55 kwhikg 385.86wh 177.8 cwh
Capacity factor Full-load hours Average SEC PV energy Wind energy
12.6 % 268 193.51= 47.8+ 0.011 mwn
Curtailed Starts Battery cycles Buffer (usable) @ Unserved ausiliaries
Arrow widths scale with power
MV bus
PV 115.8 MW + -

Electrolyser 549 MW 1

)

85 % load

D00

Wind 24.6 MW

Charge 0 MW

S0C 25%

Augiliaries 5.8 MW

Curtailed 39.7 MW

Figure 8.1 — Live power flow of Case B at noon on 22 June.
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8.3 Charts

The document continues with the one-week power balance (choose the week with the slider), battery state
of charge and hydrogen production, monthly energy, the electrolyser load-duration curve, the storage
inventory and a heat map of the electrolyser load by hour of day and day of year (Figure 8.2). Every chart
offers Table, CSV and SVG; Export hourly CSV writes all 8760 hours.
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Figure 8.2 — Monthly energy, load-duration curve, storage inventory and load heat map.
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9 Economics, sensitivity and impact assessment

The levelised cost of hydrogen follows DM 20.2 / CM 17.3: annualised CAPEX (capital recovery factor from
WACC and life) plus the present value of the stack replacements of the annual simulation (CM 6.6) and of
other replacements within the economic life (power electronics and battery, at the life of their components),
fixed O&M, electricity — including a sold PPA surplus at the difference between the PPA and the export price
—, external heat of an SOEC, water and by-product credits, divided by the simulated annual production after
gas processing. The economics document shows the LCOH from the 8760-hour simulation and from the
design chain, the CAPEX build-up and the LCOH breakdown. The stacks of Case A are replaced 5 times in
25 years (PEM, limited by the voltage degradation), those of Case B twice (alkaline, stack life 58 197 h).

LCOH component [EUR/kg] Case A Case B Case C
capital 2.89 5.91 5.80
stacks 0.81 0.27 0.97
other replacements 0.05 0.13 0.00
O&M 1.48 1.84 2.85
electricity 4.92 0.01 5.57
water 0.03 0.00 0.03
by-products 0.00 0.00 0.00
Total 10.18 8.16 15.21

9.1 Sensitivity analysis

Run sensitivity varies the key parameters one at a time — electrolyser CAPEX, WACC, other direct costs,
fixed OPEX, stack share and, depending on the supply concept, electricity price and PPA share or
PV/wind/battery CAPEX and the solar and wind resource — and re-solves the complete system for each
case. The tornado chart ranks the parameters by their LCOH swing (Figure 9.1).
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Figure 9.1 — LCOH sensitivity of Case B.

9.2 Impact assessment

Simulate » Impact assessment (also Analysis » Impacts, the project explorer and the Overview card
Impacts at a glance, Figure 9.3) evaluates the solved plant together with its components (Figure 9.2). The
buttons at the top show all sections or one of them:

» Performance — production, capacity factor, full-load hours, specific energy, plant electricity per kg and
plant efficiency, renewable share, curtailment, starts, and every design and component check.

« Economic — investment and specific investment, a conversion plant that is levelised separately, LCOH,
running cost, net present value (NPV), internal rate of return (IRR) and payback at the hydrogen value
of the settings, local content and local spending; the investment by component and the component
inventory (Figure 9.4).

« Environmental — life-cycle carbon intensity with its parts, the carbon intensity of the RFNBO design
check, CO. avoided against grey hydrogen, embodied emissions, water withdrawal, water intensity and
brine, land occupied and total project area, platinum-group metals; embodied emissions and land by
component (Figure 9.5).

» Social — construction and manufacturing jobs (job-years) and their local part, permanent operation and
maintenance jobs (full-time equivalents, FTE), jobs per MW, local content, the water-stress risk with the
fresh water expressed as the domestic use of a number of people, land, the largest hazard distance of a
storage leak, the Seveso lll tiers of the hydrogen and ammonia inventories and the exposure of the site
boundary and of the nearest residents (Figure 9.6).

» Method - the settings, notes on the inventory, the method and the sources used.
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Figure 9.2 — The impact assessment of Case B: technical performance and the design checks.

Impacts at a glance default library components | [l Compaonent wizard... @& Impact assessment
1.89 kg CO:erkg 64 583 v 1624 job-years 212 e 32% low
& Life-cycle carbon CO: avoided vs grey Hz Construction jobs Permanent jobs Local content @ Water-stress risk
intensity
335ha -183.7 meur

Land occupied © NPV at 6 EUR/kg

Figure 9.3 — Impacts at a glance on the Overview of Case B.

Indicator Case A Case B Case C
Labour-productivity region OECD (x 1) Middle East (x 2) Middle East (x 2)
Water source - baseline water stress fresh - low— seawater - extremely high  fresh - high
medium
Investment [MEUR] 35.2 502.6 + 74.2 ammonia 8.8
plant
LCOH [EUR/kg] 10.18 8.16 15.21
NPV at 6 EUR/kg [MEUR] - IRR -50.9 - - -183.7 - 3.6 % -13.9 - -
Local content of the investment 275 % 31.5% 34.4 %

Life-cycle carbon intensity [kg CO-e/kg] (electricity + 5.05(3.07+1.97) 1.89(0.08 +1.81) 19.27 (17.87 +

equipment) 1.40)
Carbon intensity of the RFNBO check [kg CO.e/kg] 3.07 0.08 17.87
Embodied emissions of the equipment [kt CO-€] 51.7 361.0 4.3

Water withdrawal [m?®/a] - water-stress risk 13085 - low 212042 - low 2261 - high
Land occupied - total project area [ha] 44.6 - 562 334.9 - 2405 3.8-4
Construction - manufacturing jobs [job-years] 116 - 134 1624 - 1773 26 - 26
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Indicator Case A Case B Case C
Permanent O&M jobs [FTE] 11.6 212.2 29
Seveso lll (hydrogen - ammonia) lower tier upper tier - upper tier below threshold

The table compares the three examples with the default components. At a hydrogen value of 6 EUR/kg only
Case B earns back part of its investment (IRR 3.6 %, below its WACC of 8 %); at a hydrogen value equal to
the LCOH the NPV is exactly zero, so the levelised cost and the cash-flow view are consistent. Case B,
with its own PV and wind plants in the Middle East region, creates about 1 600 construction job-years and
212 permanent jobs. Per MW of electrolyser, construction needs 11.6 (A), 16.2 (B) and 20.6 (C) job-years —
small plants carry more fixed equipment per MW. Case C draws fresh water in a region of high water stress:
the risk is flagged high.

"

Life-cycle carbon intensity and the RFNBO check

The life-cycle carbon intensity adds the embodied emissions of all equipment — including PV and
wind plants bought through a PPA — to the emissions of the electricity and of transport. It is a
screening life-cycle value for comparing designs and components. The design check of the carbon
intensity (CM 18.1, DM 4.6) follows the RFNBO methodology of Delegated Regulation (EU)
2023/1185: grid electricity at the emission factor of the grid, renewable electricity at zero, plus
transport and conversion — the emissions of manufacturing the equipment are not counted. It decides
whether the hydrogen qualifies as renewable. For Case A the two values are 5.05 and 3.07 kg
CO:e/kg.

All Performance Economic Environmental Social Method

Economic impact

502.6 meur 5026 euriaw 74.25 meur 8.16 tur/g 14.76 meur/a -183.7 mewr
Investment (CAPEX) Specific CAPEX Conversion plant @ Levelised cost of Running cost O NPV at 6 EUR/kg
[separate) hydrogen
3.6% 16.2 years 31.5% 181.9 Meur 13.17 MEUR/a
© RR Simple payback Local content Local spending, Local spending, O&(M
construction
In it by F (MEUR) Component inventory
Indirect costs 109 MEUR CAPEX 0&M  Local
engineering, contingency, OWners c.. Component Size [MEUR] [MEUR/a] share
Slolar PV plant o 99 MEUR Solar PV plant
PV plant — mono-5i modules, single.. )
Wind turbi PV plant — mono-5i modules, 180 MWp 99 0 300%
ind turbines cingle-ax ckers
Onshore wind turbine 42 MW, high . 78 MEUR single-axis trackers | default
Ammaonia synthesis and air Wind turbines
separation 74,25 MEUR Onshare wind turbine 4.2 MW, 60 MW 78 0 220%
conversion plant — levelised separat.. high wind {IEC |} | default
?tlheidlfe\i cc?lits-' ng, installa 9984 MEUR Ba“ery Hore
et werks 95, preing, instaliE. Battery — LFP lithium-ion, 2-haur 30 MW 21 0 185%

Balance of plant (gas processing, containers | default

circulation, cooling) 43,36 MEUR
Balance of plant for alkaline — iye lo... Electrolyser stacks and
Electralyser stacks and modules modules
L . . 100 MW 30 0 0.0%
Alkaline stacks — pressurised, 5 MW ... 30 MEUR Alkaline stacks — pressurised, 5
MW modules | default
rognsoge e
Steel pressure vessels (Type [), Up 10.. Power electronics (rectifier +
Power electronics {rectifier + transformer)
transformer) ) 21.64 MEUR 12-pulse thyristor rectifier + 100 MW 21.64 0 00%
12-pulse thyristor rectifier + transfo... transformer + harmonic filter
ateysiosee 2w ||| (ot

Figure 9.4 — Economic impact of Case B: investment by component and the component inventory.
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All Performance = Economic ~ Environmental  Social | Method
Environmental impact
1.89 kg CO:erkg 0.08 kg/kg 0.00 kgig 1.81 kgrg 0.08 kg COze/kg 64583 =
@ Lifecycle carbon —from electricity — from transport — embodied in equipment @ GHG intensity, RFNBO CO; avoided vs grey Hz
intensity method
360981 tco. 212042 w2 26.6 kg H. 128376 m 334.9h: 2405 ra
Embodied emissions Water withdrawal - ‘Water intensity Brine / reject Land occupied Total project area
seawater
Classification of the hydrogen
Scheme Carbon intensity used  Threshold / tier Result
EU RFMBO (Delegated Reg. 2023/1185) 0.08kgskg =338 v meets
EU Taxonomy activity 3.10 (life cycle) 129kg/kg =30 v meets
US 45V credit tier (well-to-gate) 0.08 kg/kg 100 % (< 0.45) + meets

Screening only: RFNEQ also requires additionality and temporal and geographic correlation (2023/1184); the US 45V credit uses the GREET well-to-gate method and applies to
facilities that begin construction before 1 January 2028.

Embodied issi by P t (t COze) Land by component (ha)
Solar PV plant — 172800tc0;e | SolarPVplant e —— 3042 ha
PV plant — mono-5i modules, single... P¥ plant — mono-5i modules, single... i
Electrolyser stacks and modules [— wind turbines
incl. 2 replacements - Alkaline stacks... 76110t COe Onshore wind turbine 4.2 MW, high ... 18ha
Wind turb_lnes ) ) - 26380 COe Hydrogen plant site (LAY-001) 11.02 ha
Onshore wind turbine 4.2 MW, high ... Ammonia syn‘thesis and air
Ammor}ia synthesis and air separation 1.22ha
separation - 222751002 Haber-Bosch loop + air separation (..
Haber-Bosch | i fion (..

aber-Bosch loop + air separation Hydrogen storage vessels ‘ 0287 ha
Other direct costs (spend-based) 17951 £ COz2 Steel pressure vessels (Type [}, up to.. i

Figure 9.5 — Environmental impact of Case B: carbon intensity, embodied emissions, water and land.

Al Performance | Economic | Environmental =~ Secial = Method

Social impact
1624 Jjob-years 1462 job-years 1773 Jjob-years 0 job-years 212 e 16.2 Jjob-years/MW
Construction jobs — of which local Manufacturing jobs — of which local @ Permanent O&M jobs Construction jobs per MW
31.5% low 3349+ 83nm upper tier upper tier

Local content @ Water-stress risk - Land occupied @ Largest hazard © Seveso |l - hydrogen O Seveso Il - ammonia

extremely high stress distance TaTt 36991
upper tier apply
© Sevesolll © OSHA PSM / EPA RMP

establishment

Construction and manufacturing jobs by component (job-years)

Solar PV plant

Permanent jobs by component (FTE)

Electrolyser stacks and modules

- . _ j = - - - _ g

PV plant — mono-5i maodules, single... 1350J0b years Alkaline stacks — pressurised, 5 MW ... 1143 FTE
Wind turbines . Ammenia synthesis and air

Onshore wind turbine 4.2 MW, high ... 5028 job-years separation [ ] 45 FTE
Ammonia synthesis and air Haber-Bosch loop + air separation (...

separation . - ] 445.5 job-years Solar PV plant . ) - 25.02 FTE
Haber-Bosch loop + air separation (... PV plant — mono-Si modules, single...

Balance of plant (gas processing, Wind turbines -

circulation, cooling) [ ] 290.2 job-years Onshore wind turbine 4.2 MW, high ... 232FTE
Balance of plant for alkaline - lye lo... Battery storage | -
Other direct costs (civil works, - Battery — LFP lithium-ion, 2-hour ca.. ’

) ; 2334 job-years

installation)

Electrolyser stacks and modules .

Alkaline stacks — pressurised, 5 MW ... - 180J0b years

Hydrogen storage uesse\s‘ - 163.5 job-years

Steel pressure vessels (Type ), up to..

Power electronics {rectifier +

transformer) || 129.8 job-years

12-pulse thyristor rectifier + transfo...

Figure 9.6 — Social impact of Case B:

Hasim — Green Hydrogen Engineering Suite
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Assessment settings opens the design basis at the group Impact assessment: labour-productivity
region, local shares of equipment supply, installation and services, baseline water stress, the distances
from the storage yard to the site boundary and to the nearest residents, and the hydrogen value for NPV
and IRR. The New Project wizard presets the region and the water stress from the climate of the site. The
design report contains the assessment as section 8 (economic, environmental, social, equipment and
components).

9.3 Method of the impact assessment

The assessment combines the solved model with an inventory: every equipment item with its size,
investment, fixed O&M and component. In a plant project, PV, wind, battery, electrolyser and storage carry
the costs of the design basis — the electrolyser is split into stacks, power electronics and balance of plant
with the cost shares of their components. The water plant, compressor, pipeline, trailers and refuelling
station are priced with the unit costs of their components inside the other direct costs of the design basis; it
they exceed them, they are scaled down and a note shows the value of “Other direct costs (x electrolyser)’
that includes them in full. An ammonia plant is an item outside the hydrogen plant: it is levelised separately
as the cost of ammonia (CM 17.6) but counted in local content, jobs, emissions and land. In a Model-builder
chain every block adds its equipment and costs.

Indicator Calculation

Jobs J =f x Q x m. The employment factor f of the component refers to its size Q (per MWp, MW, MWh, m?¥d, kg ...), to its
investment in MEUR, to the hydrogen output in MW (LHV) or to the number of drivers; m is the multiplier of the labour-
productivity region. Construction and installation and manufacturing in job-years, operation and maintenance in full-time
equivalents (FTE). Other direct costs add 1.5 job-years per MEUR for construction and, on their 30 % equipment share,
1.5 job-years per MEUR for manufacturing.

Local Share of the investment (incl. a conversion plant) spent in the country: ¥ CAPEX x (equipment share x local equipment

content supply + installation share x local installation + services share x local services); other direct costs split 30/60/10 %,
indirect and owner’s costs at the local share of services. Local construction jobs = construction jobs x local installation
share; local manufacturing jobs = manufacturing jobs x local equipment share; local O&M spending = fixed O&M x local
installation share.

Embodied E =e x Q x (1 + n) with n replacements over the economic life (stacks: replacements of the annual simulation). Other
emissions direct costs are counted with 0.3 kg CO-e per EUR (spend-based).

Carbon Clife = Clgjectricity * Cltransport * E * (hydrogen per year x economic life). CO- avoided = (10 - Clji¢,) x hydrogen per
intensity year, against steam methane reforming at about 10 kg CO.e/kg (CM 18.2).
Water Raw-water withdrawal of the annual simulation, water intensity in litres per kg of hydrogen, brine = raw water -

demineralised water. Fresh water is also expressed as the domestic use of people at 100 litres per person and day
(UN/WHO: 50-100 L).

Water- Seawater — low. Brackish water — medium in high or extremely high baseline water stress, otherwise low. Fresh water
stress risk — high in high or extremely high stress, medium in medium—high stress, otherwise low.

Land Land factor x size of every component plus, for a plant, the site of the plot plan (LAY-001), which contains the
electrolyser area. The total project area adds the spacing area of the wind farm, which remains usable for other
purposes.

Safety Distances of a 3 mm leak from the storage at its maximum pressure: lower flammability limit (CM 19.5), thermal

exposure radiation of 4.7 kW/m? (CM 19.6) and 10 kPa overpressure of a cloud of up to 100 kg (CM 19.8), compared with the
distances to the site boundary and to the residents. Seveso Il (2012/18/EU): hydrogen against 5 t / 50 t and ammonia in
the product tank (30 days of production) against 50 t / 200 t, combined with the summation rule of Annex | note 4 (lower
/ upper tier); OSHA PSM and EPA RMP apply above 10 000 Ib (4.5 t).

NPV, IRR, NPV = -(CAPEX + present value of stack replacements) + (revenue — running cost) x annuity factor (WACC, life);
payback revenue = hydrogen x hydrogen value; running cost = fixed O&M + electricity + water — by-product credits. IRR:
discount rate at which NPV = 0; payback = investment + annual net cash flow.
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Setting (design basis *

Default Options

Impact assessment)

Labour-productivity region OECD (% 1) OECD x 1, Middle East x 2, Latin America x 2.3, China x 1.3, India x 1.4,

Developing Asia x 1.5, Africa x 6.8, Transition economies x 1.7

Local share of equipment supply 0 % 0...100 %

Local share of installation, civil 90 % 0...100 %

works

Local share of engineering, 50 % 0...100 %

services

Baseline water stress Medium-high Low (< 10 %), Low—medium (10-20 %), Medium-high (20—40 %), High (40-80
(20-40 %) %), Extremely high (> 80 %)

Distance storage — site 100 m 0...100 km

boundary

Distance to the nearest 1000 m 0 ... 1000 km

residents

Hydrogen value for NPV and 6 EUR/kg 0 ... 50 EUR/kg

IRR

The regional multipliers express the lower labour productivity outside the OECD (more workers for the
same equipment) after Rutovitz & Usher (2010), interpolated to 2026 [4]; the employment factors
themselves are OECD values [3]. The water-stress classes are those of WRI Aqueduct 4.0 [16]. Choose the
region and the stress class of your site — the wizard does it from the climate preset.

9.4 Default values and sources

The library values are screening values for concept studies — typical published figures of 2022—-2025 or
documented Hasim assumptions. Every component lists its sources (Component library » Sources of the
default values). Replace the values with vendor quotations, environmental product declarations (EPDs) and
local labour studies for your project: duplicate a component to your library and edit it (section 11.4). The
table lists all components with the units of their category line; the shares split the investment into equipment
/ installation and civil works / engineering and services for the local content. Numbers refer to the list of
sources below.

o&M
[1/a] Jobs Jobs Jobs Shares
Component CAPEX - life [a] Embodied Land cé&l mfg. O&M [%] Sources

Solar PV plant — size in MWp - CAPEX EUR/kWp - embodied kg CO-e/kWp - land ha/MWp - jobs per MWp

PV plant — mono-Si 500 0.015-30 960 1.15 1.29 2.46 0.072 60/25/15 2,3,7,9,
modules, fixed tilt 10, 20
PV plant — mono-Si 550 0.015-30 960 1.69 1.29 2.46 0.072 60/25/15 2,3,7,9,
modules, single-axis 10, 20
trackers

PV plant — bifacial glass- 580 0.015-30 900 1.69 1.29 2.46 0.072 60/25/15 3,7,9,
glass modules, single-axis 20
trackers

Wind turbines — size in MW - CAPEX EUR/kKW - embodied kg CO-e/kW - land ha/MW (direct) - jobs per MW

Onshore wind turbine 5 MW 1300 0.025-25 448 0.3 2.65 1.54 021 72/20/8 2,3,8,
class, medium wind (IEC II) 11,19, 20
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O&M

[1/a] Jobs Jobs Jobs Shares
Component CAPEX - life [a] Embodied Land C&l mfg. O&M [%] Sources
Onshore wind turbine 4.5 1400 0.025-25 448 0.3 2.65 1.54 0.21 72/20/8 3,8, 11,
MW, large rotor for low wind 19, 20
(IEC 1Il)
Onshore wind turbine 4.2 1250 0.025- 25 448 0.3 2.65 1.54 021 72/20/8 3,8, 11,
MW, high wind (IEC I) 19, 20
Offshore wind turbine 15 2650 0.025-25 887 0 1.5 13.68 0.28 60/30/10 3,19,20

MW, fixed-bottom (IEC I)

Battery storage — size in MW - CAPEX EUR/kWh - embodied kg CO.e/kWh - land m*MWh - jobs per MW

Battery — LFP lithium-ion, 2- 350 0.02-15 90.8 20 0.53 0.31 0.03 75/15/10 2,3,12,
hour containers 20
Battery — LFP lithium-ion, 4- 300 0.02-15 90.8 15 0.53 0.31 0.03 75/15/10 3,12,20

hour containers

Water treatment plant — size in m®d - CAPEX EUR per m*/d - embodied kg CO-e per m*/d - land m? per m®d - jobs per m*/d

Seawater RO with energy 3500 0.05-25 1050 0.8 1.5/MEUR 1.5/MEUR 0 60/30/10 2,20
recovery + second pass +
EDI

Brackish-water RO + EDI 2000 0.05-25 600 0.5 1.5MEUR 1.5/MEUR 0 60/30/10 20
polishing

Municipal water: RO + EDI 1500 0.05-25 450 0.4 1.5MEUR 1.5/MEUR 0 60/30/10 2,20
polishing

Electrolyser stacks and modules — size in MW - CAPEX EUR/KW - embodied kg CO.e/kW - land m*¥MW (plant incl. BoP) - jobs per MW

PEM stacks — 5 MW 675 0.025-25 137.5 250 1.5/MEUR 1.5/MEUR 0.9/MWH. 100/0/0 1,6,13,
modules 14,15,
20
Alkaline stacks — 450 0.025- 25 253.7 350 1.5/MEUR 1.5/MEUR 0.9/MWH. 100/0/0 1,6,13,
pressurised, 5 MW modules 15, 20
Alkaline stacks — large 420 0.025-25 253.7 330 1.5MEUR 1.5MEUR 0.9/MWH. 100/0/0 1,6,13,
pressurised, 10 MW 20
modules
AEM stacks — 1 MW 230 0.025-25 99.2 300 1.5/MEUR 1.5/MEUR 0.9/MWH. 100/0/0 1,6,13,
modules 15, 20
Solid-oxide stacks — 1 MW 660 0.025-25 102.6 400 1.5/MEUR 1.5/MEUR 09/MWH. 100/0/0 1,6,13,
modules 15, 20

Power electronics (rectifier + transformer) — size in MW - CAPEX EUR/KW - embodied kg CO.e/kW - land m?>/MW - jobs per MW

IGBT active front-end 200 0.01-20 60 0 1.5MEUR 1.5/MEUR 0 100/0/0 1,20
rectifier + transformer

12-pulse thyristor rectifier + 170  0.01-20 51 0 1.5MEUR 1.5/ MEUR 0 100/0/0 2,20
transformer + harmonic
filter

Balance of plant (gas processing, circulation, cooling) — size in MW - CAPEX EUR/KW - embodied kg CO.e/kW - land m*MW - jobs per
MW

Balance of plant for PEM — 625 0.025-25 187.5 0 1.5/MEUR 1.5/MEUR 0 80/20/0 1,20
water loop, separators,
deoxo + dryer, dry coolers

Balance of plant for alkaline 380 0.025-25 114 0 1.5/MEUR 1.5/MEUR 0 80/20/0 1,20
— lye loop, separators,
deoxo + dryer, dry coolers
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O&M

[1/a] Jobs Jobs Jobs Shares
Component CAPEX - life [a] Embodied Land C&l mfg. O&M [%] Sources
Balance of plant for AEM 720 0.025- 25 216 0 1.5MEUR 1.5/MEUR 0 80/20/0 1,20
Balance of plant for SOEC 1340 0.025-25 402 0 1.5MEUR 1.5/MEUR 0 80/20/0 1,20

— steam generator,
recuperators, hot box

Hydrogen compressor — size in kW - CAPEX EUR/KW - embodied kg CO-e/kW - land m?/kW - jobs per kW

Reciprocating piston 3000 0.04-20 900 0 1.5MEUR 1.5/MEUR 0 80/15/5 2,20
compressor, oil-free

Diaphragm compressor for 4500 0.05-20 1350 0 1.5/MEUR 1.5/MEUR 0 80/15/5 20
small flows and high

pressure

Hydrogen storage vessels — size in kg - CAPEX EUR/kg usable - embodied kg CO.e/kg usable - land m#kg usable - jobs per kg

Steel pressure vessels 600 0.02-30 180 0.06 1.5/MEUR 1.5/MEUR 0 70/25/5 2,20
(Type 1), up to 300 bar

Composite vessels (Type 900 0.02-25 270 0.025 1.5/MEUR 1.5/MEUR 0 70/25/5 2,20
11/1V), 350-500 bar

Hydrogen pipeline — size in km - CAPEX MEUR/km - embodied t CO.e/km - land ha/km (right of way) - jobs per km

Steel pipeline DN300 (L360 1.2 0.01-40 360 2 1.5MEUR 1.5/MEUR 0.05 40/50/10 2,20
| X52), buried
Steel pipeline DN100, short 0.65 0.01-40 195 1.5 1.5MEUR 1.5/MEUR 0.05 40/50/10 2,20
connection

Tube trailers — size in trailers - CAPEX MEUR per trailer - embodied t CO:e per trailer - land m? per trailer - jobs per trailer

Tube trailer — steel tubes, 0.35 0.03-20 105 0 0 1.5MEUR 1 xdrivers 100/0/0 1,20
200 bar
Tube trailer — composite 09 0.03-20 270 0 0 1.5MEUR 1 xdrivers 100/0/0 1,20

tubes, 500 bar

Refuelling station — size in t/d - CAPEX MEUR per t/d - embodied t CO.e per t/d - land m? per t/d - jobs per t/d

Refuelling station 70 MPa — 3 0.05-20 900 1200 1.5/MEUR 1.5/MEUR 15 70/25/5 2,20
booster, 900 bar cascade,

pre-cooling

Ammonia synthesis and air separation — size in t/a - CAPEX EUR per t/a - embodied kg CO-e per t/a - land m? per t/a - jobs per t/a

Haber—Bosch loop + air 1650 0.03-25 495 0.27 1.5/MEUR 1.5/MEUR 0.0005 60/30/10 1,2,20
separation (electrically
driven)

Methanol synthesis — size in t/a - CAPEX EUR per t/a - embodied kg CO:e per t/a - land m? per t/a - jobs per t/a

Methanol synthesis from 900 0.03-25 270 0.2 1.5MEUR 1.5/MEUR 0.0005 60/30/10 1,20
captured CO:

Fuel-cell power system — size in kW - CAPEX EUR/KW - embodied kg CO.e/kW - land m#kW - jobs per kW
PEM fuel-cell power system 2000 0.03-10 600 0.05 1.5/MEUR 1.5/MEUR 0 85/10/5 1,20

Jobs: construction and installation (C&l) and manufacturing in job-years, operation and maintenance in FTE — per size unit of
the category line, per MEUR of investment (/MEUR), per MW of hydrogen output (/MW H.) or per driver of the trailer trips (x
drivers), for OECD labour productivity. Shares: equipment / installation and civil works / engineering and services of the
investment.

Sources

1. Green Hydrogen Calculations Manual, Ed. 3 (CM) — cell, stack, system and cost equations used by Hasim.
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10.
1.
12.

13.

14.

15.

16.

17.

18.

19.
20.

. Green Hydrogen Plant Design Manual, Ed. 1 (DM) — plant design values used by Hasim (e.g. water-plant and storage costs,

example cases).

. Rutovitz J., Langdon R., Briggs C., Mey F., Dominish E., Nagrath K. (2025). Updated employment factors and occupational

shares for the energy transition. Renewable and Sustainable Energy Reviews 212, 115339.

. Rutovitz J., Usher J. (2010). Methodology for calculating energy sector jobs. Institute for Sustainable Futures, University of

Technology Sydney — regional job multipliers (Table 5), interpolated to 2026.

. IRENA (2017). Renewable energy benefits: leveraging local capacity for solar PV / for onshore wind. International Renewable

Energy Agency, Abu Dhabi.

. Ganter A., Lonergan K.E., Buchi H.M., Sansavini G. (2024). Shifting to low-carbon hydrogen production supports job creation

but does not guarantee a just transition. One Earth 7(11), 1981-1993.

. Bolinger M., Bolinger G. (2022). Land requirements for utility-scale PV: an empirical update on power and energy density.

Lawrence Berkeley National Laboratory / IEEE Journal of Photovoltaics.

. Denholm P., Hand M., Jackson M., Ong S. (2009). Land-use requirements of modern wind power plants in the United States.

NREL/TP-6A2-45834.

. Reichel C. et al. (2022). CO. emissions of silicon photovoltaic modules — impact of module design and production location.

Fraunhofer ISE, 8th World Conference on Photovoltaic Energy Conversion (WCPEC-8).
IEA PVPS Task 12 (2024). Fact sheet: environmental life cycle assessment of electricity from PV systems (2023 update).
Vestas Wind Systems (2025). Life cycle assessment of electricity production from an onshore V163-4.5 MW wind plant.

Lin X. et al. (2024). Environmental impact analysis of lithium iron phosphate batteries for energy storage in China. Frontiers in
Energy Research 12, 1361720.

Wei et al. (2024). Comparative life cycle analysis of electrolyzer technologies for hydrogen production: manufacturing and
operations. Joule 8(12).

U.S. Department of Energy (status 2022). Technical targets for proton exchange membrane electrolysis — PGM loading 0.8
g/kW, stack 450 of 1 000 USD/KW system cost, degradation 4.8 mV/1000 h, stack life 40 000 h (+10 % voltage).

Corbeau A.-S., Merz A.-K. (2023). Demystifying electrolyzer production costs. Center on Global Energy Policy, Columbia
University — stacks are 19-60 % of electrolyser system cost.

Kuzma S. et al. (2023). Aqueduct 4.0: updated decision-relevant global water risk indicators. World Resources Institute —
baseline water stress classes.

Directive 2012/18/EU (Seveso lll), Annex | Part 2 — qualifying quantities: hydrogen 5 t/ 50 t, ammonia (anhydrous) 50 t / 200 t
(lower / upper tier).

UN General Assembly resolution 64/292 and WHO guidance: 50-100 litres of water per person per day meet most basic
needs.

IEC 61400-1: wind-turbine classes | / 11 / lll for annual mean wind speeds at hub height of 10/8.5/7.5 m/s.

Hasim assumption — a documented screening value (User Manual, section 9.4); replace it with project or vendor data.
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Documented Hasim assumptions [20]

« Process equipment without a published factor (water plant, power electronics, balance of plant,
compressors, vessels, pipelines, trailers, refuelling stations, conversion plants) and the other direct
costs: embodied emissions of 0.3 kg CO-e per EUR of investment (spend-based), 1.5 construction
and 1.5 manufacturing job-years per MEUR.

» Costs of components that the manuals do not give (bifacial PV, the low-wind and high-wind
turbines, 4-hour batteries, brackish-water RO, diaphragm compressors, large alkaline modules)
are typical 2025 market values; the balance of plant is the technology cost of CM minus stacks
and power electronics.

» Seveso lll and OSHA PSM / EPA RMP: the hydrogen inventory is the storage at maximum
pressure and at the lowest site temperature, plus tube trailers, the refuelling cascade and the
process hold-up; the ammonia tank holds 30 days of production. Grey hydrogen for the avoided
CO.: 10 kg CO.e/kg. Domestic water use: 100 L per person and day.

9.5 Optimisation — plant sizing by differential evolution

Analysis » Optimise (also Simulate » Optimisation and the project explorer) searches the sizes of a plant
with the complete model: every candidate design is solved with the 8760-hour dispatch, and the design
checks act as constraints. The variables are the number of electrolyser modules, the PV and wind
capacities, the battery power and duration (energy = power x duration), the storage buffer when it is sized
in days, and the grid import limit of a grid-connected plant; their bounds default to 0.5 x to 2.5 x the current
sizes and can be edited, and variables at zero are off until enabled. Three objectives are offered: the lowest
LCOH of the 8760-hour simulation (DM 20.2 / CM 17.3); the highest yearly margin (value — LCOH) x
production at a hydrogen value, the rating at which the marginal kilogram costs its value (Muhsen 2026, Eq.
7.40); and the lowest P90 of the LCOH over several synthetic weather years, a design that holds up in poor
years.

The constraints are the design checks of the solver — the demand (97 % of the demand, DM 1.1) with an
optional cap on overproduction (110 % by default), the RFNBO carbon intensity (3.38 kg CO.e/kg with
hourly correlation), no unserved auxiliary energy (DM 4.3) and, optionally, every other design check — plus
e-limits on carbon intensity and water. They are handled by the feasibility rule of Deb (2000): a feasible
design always beats an infeasible one, among feasible designs the better objective wins, among infeasible
ones the smaller total violation. The search is differential evolution DE/rand/1/bin (Storn and Price 1997;
Muhsen 2026, Eq. 14.55) with F = 0.6, CR = 0.8 and a population of ten per variable, started from a Latin-
hypercube screen (McKay, Beckman and Conover 1979) that contains the current design; integers are
rounded on evaluation. A run stops after the chosen number of generations or when the best design has not
improved by 0.1 % for 15 generations; it is repeated for several seeds, whose spread is reported (a spread
above 1 % points to several basins — add seeds or generations), and the best design is polished by the
Nelder-Mead method (1965) on the continuous variables. Candidates are solved on worker threads when
the engine bundle is available (auto = cores — 1), otherwise in the page; the run can be cancelled and still
reports its best design.

The result shows the best design against the current one — objective, hydrogen, carbon intensity, CAPEX,
the design checks of the complete design — the convergence of every seed and the ranked table of the
evaluated designs; Apply design writes the sizes into the design basis as one undo step, together with the
design full-load hours of the sizing chain set to the optimised capacity factor (DM 1.2), so that the sizing-
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chain capacity check agrees with the plant; Export CSV writes every evaluated design. The optimiser treats
battery power as free of cost, as the LCOH model does (the battery CAPEX is per kWh); the duration
bounds keep it within the containers of the component library. In the script console, H2.optimizeSync(basis,
options) runs the same search and returns the result with its ranked designs (H2.optimizeRank );
H2.optimize is its asynchronous form on a worker pool ( H2.pool ).

9.6 Site data — measured weather, hourly prices and grid carbon

Home » Site data (also Simulate » Site data and the project explorer) replaces the synthetic weather year
and the flat electricity price and grid carbon intensity of the design basis by measured or typical-year data
(Muhsen 2026, §13.6). A weather file is read from disk or pasted: a CSV or text file with a header — the
columns are found by their names (GHI, temperature, wind speed, direct and diffuse irradiance, a time
stamp or year/month/day/hour columns) and can be mapped by hand —, an EnergyPlus EPW file, the hourly
or TMY export of PVGIS, the hourly CSV or JSON of NASA POWER, an NREL TMY3 file or an NSRDB
PSM3 (SAM) file. The format is detected from the file; the metadata (latitude, longitude, elevation, time
zone, measuring height of the wind) are read where the format carries them. Rows are placed on the 8760
hours of the year in local solar time — UTC stamps are shifted by the longitude, zone time by the difference
between zone and longitude —, sub-hourly rows are averaged, the leap day is dropped, and a file with
several years yields every year (up to twelve are kept in the project; the one in use is chosen in the
document).

Each year passes a quality control: night-time irradiance values are set to zero (night offsets), negative
values and values outside the physical range of temperature (-60...60 °C) and wind (0...60 m/s) are
discarded, daytime irradiance above the physically possible limit of the Baseline Surface Radiation Network
(1.5 Gop, cos1'26Z + 100 W/m?; Long and Dutton 2002) is capped, and runs of identical values (a stuck
sensor: eight daytime hours of irradiance, 48 hours of temperature or wind) are discarded. Gaps of up to six
hours are interpolated, longer gaps are filled from the same hour of the nearest valid days, then from the
monthly mean of that hour; the coverage before filling is reported per column and checked in the design
checks (= 90 %). The statistics of the year — annual GHI, mean wind, standard deviation and the Weibull
shape factor by maximum likelihood and by the method of moments (Eq. 4.2 and 4.4), energy pattern
factor, mean and extreme temperatures — are shown with a comparison against the synthetic year of the
same statistics: the normalised mean bias error and the coefficient of variation of the RMSE on monthly
irradiation and wind speed (Eq. 13.35), the metrics ASHRAE Guideline 14 uses to accept a calibrated
model.

Use this weather writes the dataset into the design basis as one undo step and sets the latitude, the
annual GHI, the mean wind speed at the hub, the Weibull k and the mean temperature from the data, so
that the sizing chain and the equipment data agree with the simulation. The 8760-hour simulation then runs
on the measured hours: the wind speed is raised from the measuring height to the hub height of the design
basis by the power law with the shear exponent a of the design basis (Eq. 4.6; 0.14 by default, Table 4.1
gives values by terrain), and measured direct and diffuse components, where present, replace the Erbs split
in the plane-of-array transposition. A project with several measured years uses them in the P90 objective of
the optimiser (section 9.5) in place of synthetic seeds. The flat values stay in the design basis for the sizing
chain; cloudiness and seed shape only the synthetic year, which returns when the data are removed.

An hourly electricity price series — the ENTSO-E Transparency Platform export of day-ahead prices, any
CSV with a time column, 8760 values, or sub-hourly, monthly, daily-profile or weekly values — prices the grid
imports hour by hour (the PPA price still pays for the renewable energy used, and the sizing chain keeps
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the flat value). It enables the grid use price-following: in an hour whose price is at or below the cap the
grid tops the electrolyser up to full load, otherwise it only bridges to the minimum load as in the fill mode;
Find the cap for the target runs a bisection over complete solves and returns the lowest cap at which the
simulated production reaches a target, and Apply cap writes mode and cap into the design basis. The
series also assesses the low-price rule of Delegated Regulation (EU) 2023/1184 Art. 4(3): grid electricity
taken in an hour whose day-ahead price is at or below 20 EUR/MWh, or below 0.36 times the EU ETS
allowance price of the design basis, counts as renewable in the RFNBO greenhouse-gas intensity; the
compliance table reports the hours and the energy concerned and the intensity without the rule. A sold
surplus can be priced at the fixed export price or at the hourly series. An hourly grid carbon intensity
series — an Electricity Maps export, a CSV with a time column, 8760 or 12 monthly values — weighs every
imported kilowatt-hour with the intensity of its hour; the annual mean is written into the design basis for the
sizing chain. The design report lists the data sources with their statistics, and the hourly CSV export carries
the series. In the script console, H2.parseWeather(text, options) and H2.parseSeries(text, { kind }) read
the files, H2.siteWeatherFromImport and H2.siteSeriesFromImport build the entries of basis.site, and
H2.priceCapFor(basis, { target }) finds the cap.

BB Overview x @ Sitedata =

Weather and resource O Import file,.. 0 Paste..
Format
: X [ - 1oXC |
Import: Aqaba_2019.epw Detect automatically A ance
Mame ‘Wind measuring height [m]
| Agaba, JOR [

EPW (TMY3.2007-2021) - latitude 29.500° . longitude 35.000% . elevation 10 m . zone UTC+2 « 1 year

Quality control - 2019

Column Coverage Filled hours Invalid Stuck sensor
Global horizontal irradiance 99.5 % 40 0 0
Air temperature 100.0 % 0 0 0
Wind speed 100.0 % 0 0 0
2053 wwh/m* 7.40 nys 10.21 ws 2.20- 1.75 -

Annual GHI Mean wind at 10 m Mean wind at the hub (100 m, Weibull k (MLE) Energy pattern factor

a0.14)
25.0c 11.1 ... 38.9< 0.0 %
Mean temperature Range Calms (v = 0)

Synthetic year of the same annual statistics (seed 3, cloudiness 0.45) against the measured months, Eg. 13.35 of Muhsen (2026) — GHI: NMBE 0.0 %, CV{RMSE) 27.0 % - wind:
MNMBE -0.1 %, CV({RMSE) 19.1 % - temperature: NMBE 0.0 %, CV(RMSE) 0.0 %, ASHRAE Guideline 14 accepts a calibrated model at [NMBE| 2 5 % and CV(RMSE) £ 15 % on
monthly data.

Monthly global horizontal irradiation Table | CsV | svic | Monthly mean wind speed at the measuring height Table || CSV || SVG
san Fab M g i ul Ay Sip o M Dec san Fa Mz Apr A u Busg sip ot Mo Dec
o Mcat
B Mpasured B Sunthetic B Measured B Sunthetic

Figure 9.7 — Import preview of a weather file: metadata, quality control of the year, statistics and the comparison with the
synthetic year of the same statistics.
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B Overview x @ Sitedata x

Site data

Measured or typical-year weather, hourly electricity prices and grid carbon intensities in place of the synthetic year and the flat values (Muhsen 2026, §13.8).
Imported series become part of the design basis and are saved with the project.

&, Export series CSV

measured 2019 1 52.6 Eur/MWh 300 gnawn target
‘Weather year ‘Weather years in the Electricity price Grid carbon intensity Grid use
project
Weather and resource O Import file... 0 Paste... ® Remaove

Agaba, JOR - EPW (TMYx.2007-2021) (Agaba_2019.epw) - 29.500°, 35.000° - 10 m a.s.l. - wind at 10 m - imported 2026-10-15

2053 wwh/m? 7.40 nys 10.21 s 2.20- 1.75- 25.0c
Annual GHI Mean wind at 10 m Mean wind at the hub Weibull k (MLE) Energy pattern factor Mean temperature
(100 m, a 0.14)

11.1...38.9c 0.0 %
Range Calms (v=0)

» Quality control of 2019

Synthetic year of the same annual statistics (seed 3, cloudiness 0.45) against the measured months, Eq. 13.35 of Muhsen (2026) — GHI: NMBE 0.0 %, CV(RMSE) 6.2 % - wind: NMBE -0.1
%, CV(RMSE) 19.1 % . temperature: NMBE 0.0 %, CV(RMSE) 0.0 %. ASHRAE Guideline 14 accepts a calibrated model at [NMBE| < 5 % and CV(RMSE) £ 15 % on maonthly data.

Monthly global horizontal irradiation Table || CSV || SV | Monthly mean wind speed at the measuring height Table || CSV || SViG

0 12

200 "
- 150 8
g1 .
] .

) II Il ; l

o o

lan Fab Mar Aps My lun ul Aug Sop =51 M Doc lan Fah Mar Bpe My Jun ul Aug Sep aa Now Dec
Month Month

B Weazired B Surthetic B Weazired B Surthetic

Figure 9.8 — The Site data document with a measured year in use: statistics, measured and synthetic months.
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B Overview x @ Sitedata x

T s Al e

Electricity price O Import file... D Paste... X Remove

day-ahead_2023.csv - day-ahead_2023.csv, column "price_EURMWh" - imported 2026-10-15

52.6 EurR/MWh 15.7 / 93.5 eu... -5.0 EurR/MWh 115.0 eurR/mwh 1035+ 350n
Mean P10/ P90 Minimum Maxirmum Hours = 20 EUR/MWh Negative hours
36.4 tur/MWh 1035 h <200
Mean price paid for grid Low-price hours (Art.
import 4(3))
Price duration curve Table || CSV || SVG Monthly mean price Table || CSV || SVG

e ||||||II||II

Hours per year

Grid imports are priced hour by hour with the series; the PPA price of the design basis (80 EUR/MWH] still pays for the renewable energy used, and the sizing chain uses the flat value.

Grid use Price cap [EUR/MWh] Low-price hours count as renewable ETS allowance price [EUR/t] Sold surplus priced at

| Fill to target load V| | 50 | ‘ on V‘ | 0 ‘ | Fixed export price ¥
Production target [t/a Hz]

[ 1 | % Find the cap for the target | | 357 FUR/MWR — 1301 /2, LCOH .72 EURKg (13 soves)  RCRNA daas

Price-following grid use: in an hour whose price is at or below the cap the grid tops the electrolyser up to full load, otherwise it only bridges to the minimum load. The low-price rule
of Delegated Regulation (EU) 2023/1184 Art. 4(3) counts grid electricity as renewable in hours priced at or below 20 EUR/MWh or 0.36 = the ETS allowance price; it needs an hourly
price series,

Figure 9.9 — An hourly day-ahead price series: statistics, duration curve, the price-following grid use with its cap found for a
production target, and the RFNBO low-price rule.

9.7 Risk curves — Monte Carlo over inputs and weather

Analysis » Risk curves (also Simulate » Risk curves and the project explorer) turns the single LCOH of a
design into a distribution. The uncertain inputs are listed with a distribution each — uniform, triangular,
normal or lognormal, as a multiplier of the basis value (prices, CAPEX items, OPEX, water, the solar and
wind resource) or as a value (WACC, availability); the defaults are scenario ranges of about + 20 % for
costs and prices, 1 percentage point for the WACC and 3 % and 6 % for the annual irradiation and the
mean wind speed, and every one can be changed or switched off. The electricity-price factor also scales
the export price and an imported hourly price series. The weather is sampled as the measured years of the
project drawn with equal probability, as synthetic years from new seeds, or kept at the basis year for an
economic study; with synthetic years the resource factors scale the annual irradiation and mean wind
speed of each year, with measured years they scale the measured hours. Samples are drawn by Latin-
hypercube sampling (McKay, Beckman and Conover 1979) from a seeded generator, so a run is
reproducible and every input is spread evenly over its distribution; each sample is solved with the complete
8760-hour model, on worker threads where the browser provides them.

The result gives P10, P50 and P90 of the LCOH, the production, the carbon intensity and the CAPEX by
the Hyndman-Fan type-7 sample quantile. For a cost the P90 is the upper tail — 90 % of the samples cost
at most this value —, the reverse of the yield convention of Eq. 13.34, where the P90 of a production is the
value exceeded with 90 % probability (shown as the lower-tail production); the normal approximation mean
+ 1.282 o is given beside the empirical value. The probability that the LCOH stays at or below a hydrogen
value is reported with its standard error V(p(1 - p)/N) (Muhsen 2026, Eq. 13.33), which also says how many
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samples a decision needs. The cumulative risk curve and the histogram show the spread; the drivers of the
spread are the mean LCOH of the samples in the lowest and highest decile of each input against the P50,
with the correlation and the share of variance from the standardised regression coefficients of a linear fit (its
R? tells how much interactions or non-linear effects carry; Sobol indices would capture those, §13.5). With
measured years the mean LCOH per year is listed, and the ten highest-cost samples show which
combinations hurt. Export CSV writes every sample with its drawn inputs and results; the design report
quotes the percentiles of the last run that belongs to the current design. In the script console,
H2.riskSync(basis, { samples, seed, weather, h2value, settings }) runs the same analysis and returns
the records and the summary; H2.riskInputs(basis) lists the inputs with their defaults.

B Overview x L Risk =

N o
Result &, Export CSV

10.182 eursg 11.004 cursg 9.389 EUR/kg 10.18 = 064 FURAKg 41.0 % =22% 1014 v-

LCOH P50 © LCOH P20 @ LCOH P10 Mean = o €3 Probability of LCOH = Hydrogen exceeded with

10 EUR/kg 90 % probability
3.57 kgng 39 meur -51 MeurR 500175
€3 Carbon intensity P90 CAPEX P20 €3 NPV P50 (P10 -61 Samples
MEUR)

Basis "Case A - 10 MW PEM, grid-connected, industrial park" - synthetic weather years from new seeds - seed 1- 5 uncertain inputs - percentiles by the Hyndman—Fan type-7 sample
quantile,

Cumulative risk curve of the LCOH Table || CSV || SViz | Distribution of the LCOH Table || CSV || SViG

@
853 ass a7 ans o4 u7s =

LEOH FELRYkg] LEOH FELRYkg]

o8

Sampies

Drivers of the spread

Mean LCOH of the samples in the lowest and the highest decile of each input against the P50 (conditional deciles); the share of variance follows from the standardised regression
coefficients of a linear fit (R® 1.00). Sobal indices would also capture interactions (Muhsen 2026, §13.5).

Conditional deciles against the P50 Table || CSV || SVG

Electricity price [

Figure 9.10 — Risk curves of Case A: percentiles of the LCOH, the probability of a cost target, the cumulative risk curve and the
histogram of 500 Latin-hypercube samples.
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Mean LCOH of the samples in the lowest and the highest decile of each input against the P50 (conditional deciles); the share of variance follows from the standardised regression
coefficients of a linear fit (R® 1.00). Sobal indices would also capture interactions (Muhsen 2026, §13.3).

Conditional deciles against the P50

Electrolyser system CAPEX
Electricity price
WACC

Wind resource: mean wind speed

Table || CSV || SViG

Solar resource: annual GHI —
9.4 9.6 9.5 100 10.2 104 108 108 1.0
@ input - @ input +
Input LCOH, lowest decile LCOH, highest decile Swing Correlation Share of variance
Electrolyser systern CAPEX 9.528 10899 +1.371 0.65 438 %
Electricity price (PPA, grid imports, hourly series) 9.500 10820 +1.3M 0.63 385%
WACC 9.682 10.588  +0.906 0.35 14.2 %
Wind resource — mean wind speed {interannual and measurement) 10,323 0,969 -0.354 -0.15 3.4%
Solar resource — annual GHI (interannual and measurement) 10.282 10.069 -0.213 -0.08 0.1%

Figure 9.11 — Drivers of the spread: conditional deciles of each input against the P50, correlation and share of variance.

9.8 Policy packs — incentives and carbon pricing in the return on
investment

Analysis *» Incentives (also Simulate » Policy & incentives and the project explorer) adds the support a
project can expect to the economics without touching the engineering LCOH, which stays the cost of
making the hydrogen. A policy pack fills the incentive fields of the design basis — presets with their sources
and dates for the European Hydrogen Bank auctions (a pay-as-bid fixed premium per kg of RFNBO
hydrogen for up to ten years), the US § 45V production credit (3.185 USD/kg in 2025 for hydrogen below
0.45 kg CO.e/kg, 1.065, 0.795 and 0.635 USD/kg for the higher tiers, ten years, construction to begin
before 2028) and the § 48(a)(15) investment-credit election, India's SIGHT premium (declining over three
years), a contract for difference (the strike price replaces the hydrogen value for the support period) and a
carbon price on the plant's operational emissions with a credit for the emissions avoided against grey
hydrogen — or a custom combination: a capital grant as a share of CAPEX or a fixed sum, a production
premium in year 1 with a yearly decrease and a support period, the § 45V tier premium with an exchange
rate, a CfD strike price, a carbon price, the credit switch, and the cost and carbon intensity of the grey
reference (2 EUR/kg, 10 kg CO.e/kg by CM 18.2). The values of the presets are indicative and meant to be
checked against the current call or statute; levies and grid-fee exemptions belong in the electricity price of
the design basis.

The document shows the levelised cost after incentives beside the LCOH: the grant as its annuity per kg,
premiums levelised over the economic life by the ratio of annuity factors, the carbon cost per kg of the
plant's carbon intensity and the credit per kg of avoided emissions. The yearly cash flows at the hydrogen
value — the investment including the present value of stack and equipment replacements, the running cost,
the revenue and the support — give the NPV, the IRR and the discounted payback with and without the pack
(Muhsen 2026, Eq. 13.4 and 13.13; real cash flows at the WACC, no tax or depreciation), the cumulative
discounted cash flow, the present value of the support and its value per kg. Against grey hydrogen the
abatement cost (LCOH - grey cost) / (grey Cl — green ClI) of Eq. 13.29 is also the break-even carbon price,
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shown before and after grants and premiums. A consistency check of the model: at a hydrogen value equal
to the LCOH the NPV is zero and the IRR equals the WACC. The economics document shows the cost
after incentives when a pack is active, the design report lists the pack and its results, and the risk curves
report the cost after incentives and the NPV of every sample, with the premium, the carbon price and the
hydrogen value available as uncertain inputs. In the script console sys.policy holds the evaluation and
H2.POLICY_PACKS the presets.

B Overview x @ Policy =

Policy & incentives

Grants, production premiums, contracts for difference and carbon pricing in the retumn on investment: the levelised cost after incentives beside the engineering
LCCH, the cash flows with NPV, IRR and discounted payback (Muhsen 2026, Eq. 13.4 and 13.13), and the position against grey hydrogen (abatement cost, Eq.
13.29).

& Export cash flows

8.16 FUR/kg 6.32 EUR/g 5.00 eur/kg -112 meur -269 MEUR 4.9 %
LCOH (engineering) @ LCOH after incentives Hydrogen value €3 NPV with the pack €3 NPV without the pack IRR with the pack
1.2% never never 157 meur 435 eurnt
IRR without the pack Discounted payback with Payback without the pack Support, present value Braak-even carbon price
the pack vs grey Hz

Policy pack
Preset

US — § 45V clean hydrogen production credit (by Cl tier, 10 years) v

2025 amounts with prevailing wage and apprenticeship: 3.185 USD/kg below 0.45 kg CO:e/kg, 1.065 (045-1.5), 0.795 (1.5-2.5), 0.635 (2.5-4.0); inflation-adjusted; 10 years from
placing in service: construction must begin before 1 January 2028 (P.L. 119-21); hourly matching of the electricity from 2030, The tier follows the plant's carbon intensity (grid share of
the electricity). Source

Presets fill the fields with indicative, dated values — check the current call or statute and edit them; every field is part of the design basis and travels with the project. Levies and grid-
fee exemptions belong in the electricity price of the design basis.

Capital grant / investment credit [-] Fixed grant [MEUR] Hydrogen value [EUR/kg]

Lo _| Lo JE J
Production premium, year 1 [EUR/kg] Premium decrease per year [EUR/kg] Support period [a]  § 45V tier premium EUR per USD [EUR/USD]
| ] | |D | | 10 ‘ | On (2025 amounts, prevailing wage) V| |0.92

CfD strike price {0 = none) [EUR/kg]

Lo _|
Carbon price [EUR/t] Credit for avoided emissions Grey hydrogen cost [EUR/kg] Grey hydrogen carbon intensity [ka/kg]
Lo | |Lof v [z | 10

Figure 9.12 — Policy & incentives for Case B with the US § 45V production credit: the cost after incentives beside the LCOH,
NPV, IRR and payback with and without the pack, the break-even carbon price.
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B Overview x @ Policy x
[o | | off MIE _ |10

Cost and cash flows

Levelised cost after incentives (EUR/kg, levelised over 25 1o | sy || sye | Cumulative discounted cash flow at the hydrogen value Table || CSV || sV
years at 8.0 %) )
0 . —
. I
200
s =
- E
R 5
= 400
: so0
o
eon
. 0 s 2 <
oH gran/ + carbon ot carhom crackt Afer incentivis Year
@ Without pack @ With pack
Investment {CAPEX and the present value of replacements) 536.5 MEUR

Running cost per year (O&M, electricity, heat, water, less by-products)  14.76 MEUR/a
Revenue per year at the hydrogen value 39.84 MEUR/a

2.93 EUR/kg in year 1 for 10 years (1.84 EUR/kg levelised over the life) — § 45V tier < 0.45 kg

Producti i
uction premium COse/kg at the plant's 0.08 kg/kg: 3.185 USD/kg

Real cash flows at the WACC of the design basis (no tax or depreciation); the investment includes the present value of stack and equipment replacements, as the LOOH does. NPV = 0
or IRR = WACC marks an acceptable project; among designs the largest NPV wins, not the shortest payback (Muhsen 2026, §13.1).

Against grey hydrogen

2.00 EUR/kg - 10 keus 8.16 EUR/kg - 0.08... 621 EUR/t COze 435 EUR/t COze
Grey hydrogen Green hydrogen Abatement cost Abatement cost after
grants and premiums

The abatement cost is also the carbon price at which green and grey hydrogen cost the same; with the credit for avoided emissions switched on, a carbon price above it makes the
green plant the cheaper supply.

Figure 9.13 — The build-up of the cost after incentives and the cumulative discounted cash flows with and without the pack.
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10 Design checks and the design report

Hani Muhsen

After each solve Hasim checks the design against the rules of both manuals and against the codes,
standards and regulations named in each check (section 10.1). Failed checks appear in the design-checks
document, in the bottom panel and as warnings in the message log. The limit column states the acceptance
criterion — the production check, for example, accepts 97 % of the demand.

Group Check Value Limit Reference gase
Electrolysis H: in O: at the operating minimum load 2% <2 % (trip) CM7.7/1SO pass
22734-1

Sizing Electrolyser capacity vs sizing chain (+10 100 MW >91.0 MW DM 1.2 pass
%)

Sizing Annual hydrogen after gas processing 7968 t/a = 8010 t/a (97 % of 8258) DM1.1/CM1.4 review
(simulated) vs demand

Environment  GHG intensity, hourly correlation (RFNBO,  0.08 < 3.38 kg/kg 2023/1184, pass
binding from 2030) ka’kg 2023/1185

Compression Stage discharge temperature 110.3°C <120 °C (API 618, 6th ed.) DM 12.1 / API pass

618

Cooling Dry-cooler approach at design ambient 15K 210K DM 9.3 pass

Water Brine diffuser dilution (< +1.5 g/L at the 69.62 — =20 DM 8.8 pass
edge of the mixing zone)

Power Unserved auxiliary energy 0.01 =0 MWh DM 4.3 pass

MWh/a

Power Energy balance closure 0 GWh <0.01 GWh solver pass

Power Site wind within the turbine class (IEC ) 860m/s <10m/s IEC 61400-1 pass

Safety Storage separation to the process area 12m = 11.3 m (LFL, 4.7 kW/m?, CM 19/ NFPA 2 pass

NFPA 2 group 1)
Safety Storage distance to the site boundary 39.81m >7.5m (NFPA2group 1, lot  NFPA 2 (2026) pass

line)

The site wind is always checked against the class of the wind turbine — the chosen one or the default for the

site (IEC 61400-1). When library components are chosen (section 4.7), component checks are added in
the group Components: the feed salinity within the design of the water plant, balance of plant and stacks of
the design-basis technology, the storage pressure within the rating of the vessels and of the compressor,
the delivery pressure within the design pressure of the pipeline, and the battery cycles over its life within its
cycle life (Figure 10.2).
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Figure 10.1 — Design checks and equipment warnings.

Design checks
Automatic verification of the solved design against the limits of the Calculations Manual (CM), the Plant Design Manual (DM) and the codes, standards and
regulations named in each check, followed by a screening against codes and regulations.

14 14 0 1

Checks @ Passed @ To review © Equipment wamings

Group Check Value  Unit Limit / rule Reference R
Electralysis Hz in O; at the operating minimum load 2 % < 2 % (trip) CM 7.7 / 150 227341 J
Sizing Electrolyser capacity vs sizing chain (210 %) 100 MW 2 91.0 MW DM 1.2 +
Sizing Annual hydrogen after gas processing (simulated) vs demand 8016 t/a 2 8010 t/a (97 % of 8258) DM 1.1/CM 1.4 )
Environment  GHG intensity, hourly correlation (RFNBO, binding from 2030) 0.085 kg/kg < 3.38kg/kg 2023/1184, 2023/1185 |
Compression  Stage discharge temperature 1103 °C < 120 °C (API 618, 6th ed.) DM 12.1/ API 618 v‘
Cooling Dry-cooler appraach at design ambient 15 K = 10K DM 9.3 +
Water Brine diffuser dilution (= +1.5 g/L at the edge of the mixing zone) 69.62 - 220 DM 8.8 +
Power Unserved auxiliary energy 0.507 Mwh/a =0MwWh DM 4.3 \/
Fower Energy balance closure 5.12e-12  Gwh < 0.01 GWh solver \/
Power Site wind within the turbine class (IEC 1) 86 m/s =10mys IEC 61400-1 ‘/
Safety Storage separation to the process area 12 m = 11.3 m (LFL, 4.7 kWy/m® NFPA 2 group 1) CM 13/ NFPA2 +
Safety Storage distance to the site boundary 3981 m = 7.5 m (NFPA 2 group 1, lot line) NFPA 2 (2026) J
Components  Stack component matches the design-basis technology AEL AEL component +
Components  Battery cycles over its life 2823 < 6000 cycles component +

Equipment warnings
Tag Equipment Warning

WT-101  Seawater RO + EDI water plant Positive scaling index (LSI 1.86, indicative for seawater concentrate) — acid or antiscalant against CaCO: scaling (DM 8.6).

dard. I

Codes, and r

g - sCr ]

Concept-level screening from the solved design. It does not replace the hazardous-area classification, the permit applications and the code compliance review of the project.

Figure 10.2 — Design checks of Case B with library components: the component checks are added in the group Components.
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10.1 Codes, standards and regulations

The checks and the screening below them in the design-checks document (Figure 10.3) apply the
following international, European and US rules at concept level. The screening tables list the RFNBO
criteria, the hazardous areas, the major-accident regulations, the pressure equipment, the separation
distances and the power-quality and electrical items of the solved plant; the design report contains them as

section 7.1.
Framework Standard or regulation Applied by Hasim
ISO ISO 22734-1 — hydrogen H. in O: at the operating minimum load: alarm 1 %, trip 2 % (CM 7.7); the dispatch
generators using water raises the minimum load to the trip limit (PEM: at the lowered part-load pressure)
electrolysis
ISO / SAE ISO 14687:2025 grade D, ISO  Refuelling stations: fuel quality after deoxo and dryer (total impurities < 300 pmol/mol,
19880-1, SAE J2601 H.O and O: < 5 ymol/mol), cascade pressure above the vehicle MOP, fuel
temperature window T40, hot-fill end pressure
IEC IEC 60079-10-1:2020 with Hazardous areas: source of release, grade, zone, extent (LFL distance of a secondary
ATEX 1999/92/EC release), gas group IIC / lIA, temperature class T1, equipment protection level
IEC / IEEE IEC 60909-0, IEEE 519-2022,  Short-circuit currents with ¢ = 1.1 and the source impedance of the grid; current TDD
IEC 61400-1, IEC 60617 and voltage THD at the point of common coupling; turbine class for the site wind;
drawing symbols
ISO 1ISO 7200 Title block of the drawings: legal owner, identification, revision, date of issue,
document type, creator, approver
EU Delegated Regulations (EU) GHG intensity < 3.38 kg CO.e/kg with hourly correlation (binding from 2030) and, with
2023/1184 and 2023/1185 a sold PPA surplus, monthly correlation (until the end of 2029); additionality,
(RFNBO) geographic correlation and grid-electricity rules listed for review
EU EU Taxonomy, activity 3.10 Life-cycle GHG intensity < 3.0 kg CO.e/kg in the impact assessment (section 9.2)
EU Seveso Il Directive Lower and upper tier of the establishment with the summation rule; category of the
2012/18/EU, PED 2014/68/EU  storage vessels (group 1 gas)
us ASME B31.12 (option A) with Pipeline wall with the hydrogen performance factor, corrosion allowance 1 mm and at
EIGA Doc 121, ASME BPVC least 6.4 mm, hoop stress < 30 % SMYS; vessel shell by UG-27, thick wall by
VIII-1 Appendix 1-2
us API 618 (6th edition) Discharge temperature of every compressor stage < 120 °C for hydrogen-rich gas
(selectable 135 °C or 150 °C)
us NFPA 2 (2026), NFPA 855/ UL  Separation distances of bulk gaseous hydrogen for the exposure groups 1-3 against
9540A the plot plan; clearance of the battery
us OSHA PSM (29 CFR Threshold quantity 10 000 Ib for hydrogen and ammonia; 45V credit tier from the well-

1910.119), EPA RMP (40 CFR
68), IRA § 45V

Hasim — Green Hydrogen Engineering Suite

to-gate GHG intensity (impact assessment)

Page 62 of 89



Hasim 3.0.0 - User Manual

Simulate

Drawings

Casa B~ 100 MW AEL. isianded hybrid, ammonia export

© 2026 Prof. Hani Muhsen

Home Analysic

Drawings

® (] B ® Auto-salve

New - Open  Save Soive

Tools

Help

Load exsmple.

Case & 8- € from the manuals

Project Sove

PROJECT EXPLORER

- [0 Case B~ 100 MW AEL. islanded h.

H Ovenview

£ Design basis

@ Site data

0 orawings ]
S PFD-001 Process flow diagr...
# SLD-001 Electrical single-line...
=E SNK-001 Energy balance (Sa...
O SNK-002 Water & mass bala...
4 CEL-001 Cell cross-section &c..
B STK-001 Stack, module & pl..
£ WTR-001 Water-treatment ...
© CMP-001 Compgression train
3 LAY-001 Piot plan & safety d...

- @@ Data
H Stream table
iS Equipment list
- b Simulation

| Annual simudation
@ Economics
& Impact assessment
1) Dasign checks @ 1712
4 Optimisation
£ Risk curves

Messages 7 Designchecks 11712

oW x % PFD-001 x

& Designbasis x

v @B B

Eampe Project data

68 Stream table

Codes, standards and regulations - screening

Overview Designbesis  Stedats  Report

= Equipment list x

e B

o

Activate

Licence

=)
Buy

L2 Annual simulation =

@ Economics  x

@ Design checks  x

Concept-tevel screening from the solved design. It does not replace the hazardous-area classification, the permit applications and the code complisnce review of the project.

EU renewable hydrogen (RFNBO) - Delegated Regulations (EU) 2023/1184 and 2023/1185

Criterion
GHG intensity, hourly
corelation

GHG intensity, monthly
correlation

Additionality, gecgraphic
correlation

Grid electricity counted as
renewable

Transport, conversion, end
use

Result Note

0.08 kg CO;
kg C0hg equipment emissicns

not applicable:
not assessed

not assessed

hydrogen at the
plant gate:

Hazardous areas - IEC 60079-10-1:2020 (screening), ATEX 1999/92/EC

Area

Electrolyser hall {EL-101)

Gas procassing (GP-101)

Compressor area (CP-201)

Source of release

flanges, valves and seals of stacks and separators
(ventilated hail, DM 11.2)

flanges, valves, instrument connections

jpackings, distance-piece vents, flanges

surplus renewiable energy is curtailed, o no grid import can be matched

the RFNBO value of ammania must add synthesis, transpart and cracking emissions

threshold 3.38 kg/kg (70 % saving against 94 g CO:e/MJ]; grid at 450 g/kWh, renewable electricity at zero, no

renewable plants not older than 36 months, same or intercennected bidding zone (2023/1184 Art. 5, 7) - check the
PRA

bidding zone > 50 5 renewable, or < 18 g COse/MJ with 2 PPA. or low-price hours (2023/1184 At 4) - import an
hourly price series to assess the low-price rule

Grade Zone Extent Gas group / Tclass  EPL/ ATEX
Zon G (ATEX
scondary 50 15m ne /T m]‘
secondary i‘m 15m nesm € (ATEX
Zone G¢ (ATEX
nsm
secondary 3 25m ic/ 35

Annual hydrogen after gas processing (simulated) v demand: 7968.19 t/a (lmit 2 8010 /a (97 % of 8258), DM 1.1/CM 14)

Positive scaling index (151 186, indicatve for seawater con

Stacks are replaced every 58197 operating hours, when the cell voltage has risen by 10 % at 3.2 W/h (CM

ate) - scid or antiscalant against CaC0; scaling (BM &6}

- earfier than the stated lfe of 50000 h

Operating minimum load raised from 20 % to 28 % at lower loads hydragen in cxygen would exceed the 2 % trip (CM 7.7, DM 10.2)

System soived: 26 equipment items, 21 streams, 8760-h dispatch in 65 ms.

Licensed to Prof. Hani Muh:

Ouwner perpetus!
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Design

monia export

Edit
automatically.
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PLANT COMPONENTS
Solar PV

Wind farm
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Figure 10.3 — Codes, standards and regulations: the screening of Case B.

Screening, not certification

10.2 Design report

an accredited scheme. Verify every code against the edition in force at the site.

The checks and tables are concept-level screening values from the solved design. They do not
replace the hazardous-area classification and the dilution assessment of the project, the QRA, the
design codes of the equipment suppliers, the permit applications or the certification of the hydrogen by

The design report assembles the cover information with licence line, a summary, the complete design basis,
all sizing sections with their equation references, the equipment list, the stream table, the monthly
performance, the design checks, the impact assessment with the equipment and its components, all nine
drawings and a disclaimer. Print it to paper or PDF with Print / save as PDF, or export a self-contained

HTML file.
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Figure 10.4 — The design report.
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11 Engineering tools

11.1 Cell & Stack Lab

Explores the electrochemistry of each technology: reversible voltage E,. (T, p) (CM 3.5-3.6), activation,
ohmic and concentration losses (CM 4.4-4.10), Faradaic efficiency and gas crossover (CM 7.6-7.7:
permeability W, supersaturation coefficient k, diaphragm thickness and, for alkaline stacks, the lye
circulation per cell area), stack and system specific energy (CM 7.5, 7.8). Edit any parameter; the
polarisation curve, loss breakdown, SEC, part-load efficiency, H.-in-O. and a table of operating points
update immediately.

File Edt View
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Figure 11.1 — Cell & Stack Lab.

j [Alcm?] E_rev [V] SEC stack [kWh/kg]

1.235

n_a[V]

0.285

n_c [Vl
0.065

n_ohm [V] E_cell [V]

1.616

0.25 0.030 44.3

0.50 1.235 0.299 0.079 0.060 1.675 45.3

1 1.235 0.313 0.093 0.120 1.766 47.4

1.50 1.235 0.321 0.102 0.180 1.845 49.4

2 1.235 0.327 0.107 0.240 1.920 51.4

2.50 1.235 0.332 0.112 0.300 1.994 53.3

3 1.235 0.335 0.116 0.360 2.067 55.3

Table 11.1 — Polarisation of the PEM preset (80 °C) computed by the cell model of CM 4.4.
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All 137 equations as live calculators, filterable by level and manual and searchable by title, symbol or
number. Each equation shows its formula, inputs, outputs and the equivalent script call; the parametric

sweep varies one input and plots any outputs.
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M13
z i 80 1 1
3 LaY-001 Plot plan & safety d... Ao roduch LIBRARY COMPONENTS none selected
) " nual production . ju snode [Aer jo att
& Data o & Jodrocel [ I Component wizard.. || & Impact assessment
E Stream table 2 2 2e-7
= Equipment list Iceal-gas dersity all 28R [Qam] imiting cument (0 = off) [A/cm] ~ GENERAL
. ) [=YF)
| Simulation 15 015 Q Project name Case B - 100 MW AEL sk
2 Real-gas density {Abel-Noble) = — .
g "“"""" Siat i Results Site Arid coast, 25° N
Economics mer of the docu...
——— Mass in a vessel Erev[V] naca ] naete V] Legalamerof the doc
-~ o‘ Mas 118 0.327 0.107 Prepared by
@ Design checks A
& Optimisation Joule-Themson temperature change Lot ] Lcon: £ Approved by
£ Risk curves R 0.300 o 1.92 Ammoria -
Famand ftia NH.1 AR
Messages 7 Design checks 11712 (=]

15:41:39  Sizing

Annual hydrogen after gas processing (simulated) vs demand: 7968.19 t/a (it = 3010 ¥'a (97 % of 8258), DM 1.1/ CM 1.4}

!
I o15:41:3  WT-101 Pogitve scaling index (LS 1.85, indicatrve for seswater concentrate] - scid or sntiscalant sgainst CaCO, scaling (DM £.6).

i EL-101 Stacks are replaced every S8197 operating hours, when the cell voltage has risen by 10% at 3.2 4/V/h (CM 6.6) — eaclier than the stated life of 80000 h
! Opesating minimum load raised from 20 % to 28 %: at lower loads hydrogen in oxygen would exceed the 2 % trig [CM 7.7, DM 10.2),

v 9 atver System saived: 26 equipment items, 21 streams, 8760-h dispatch in 65 ms.

) Licensed to Prof. H

Licensed

londed  Hz 79681/

to Prof. Hani Muhsen - Owner - perpetual

Muhsen. All right r: Prof. Hani Muhscn.

Figure 11.2 — Equation library.

11.3 Experiments

17 ready-made numerical experiments combine many equations; each has parameters, charts

tables.

Experiment

Level

and result

References

Polarisation curves of the four technologies
Temperature and pressure effects on the PEM cell
Part-load efficiency, Faradaic losses and gas purity
Degradation over the stack life

Hybrid PV—wind sizing sweep (DM Table 4.1 replica)
Battery sizing for an islanded plant

LCOH sensitivity (tornado)

LCOH map: capacity factor x electricity price
Compression energy vs pressure and stages

Real vs ideal gas: storage density

Weather-year Monte Carlo: P50 / P90 production

Transport: pipeline vs tube trailers

Hasim — Green Hydrogen Engineering Suite

o o b~ O

13
13

10

1

CM35,3.6,44-4.10,7.5
CM3.5,36,4.5,48
CM6.4,76,7.7,7.8 DM 10.2
CM 6.6, DM 9.1

DM Fig. 4.2, 4.3; CM 14.5; DM 20.2
DM 4.4, Fig. 4.2
CM17.1,17.3

CM17.3

CM 10.1,10.2, 10.4, 10.6
CM21,24,25,9.1

DM 3.1,4.3

CM 13.1, 13.3, 20.1
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Experiment Level References

GHG intensity vs grid share (RFNBO / Taxonomy / 45V) 14 CM 18.1, 18.3; Del. Reg. (EU) 2023/1185
Consequences of leaks: hole size and pressure 15 CM 19.1, 19.5, 19.6, 19.8

Cost outlook with learning curves 13 CM17.8,17.3

Desalination: RO energy vs recovery 7 DM 8.1,8.2,84,85

Storage need vs offtake flexibility 10 CM 14.7, DM 13.1, 13.2

11.4 Component library

Tools » Component library (Tools ribbon » Components) holds 35 generic components in 15 categories,
grouped like a plant — power supply (solar PV, wind turbines, battery storage), water treatment, electrolyser
(stacks and modules, power electronics, balance of plant), compression and storage, delivery (pipeline,
tube trailers, refuelling station) and conversion and end use (ammonia, methanol, fuel cells) — together with
your own components. Choose a category on the left: the table compares all its components side by side
(Figure 11.3); click a column to select one. The data of a component are grouped as follows:

simulate  Drawings Tools  Help Case B - 100 MW AEL, islanded hybrid. ammonia export

Home Drwings Analysis Teols Help

O B ® Aute-solve Load example.. v 53l i3] @ B ys) A=l
Mew * Open  Save Sobve Case A - B - € from the manuais Ovenview Designbasis  Stedsts Report  Acthate  Buy
Project Soive Example Project dats Licancs
PROJECT EXPLORER X BB Oveniew x @ Impactassessment = O Library x
- © Case B - 100 MW AEL. islanded ...
B Overview Component library I Import. & Export my library
35 generic components with technical, econamic, environmental and social data, pis your own. Compare components, duplicate one to edit its values, and use
HinSapLee them in the Model builder and in plant projects.
@ site data
[ orawings s POWER SUPPLY Electrolyser stacks and modules 5 components » cick a column (o its name) to select i
o PFD-001 Process flow dizgr... Solar PV plant Alkaline stacks —  Alkaline stacks — large
# SLD-001 Electrical single-line... 3 components - size in MWD PEM stacks - 5 MW pressurised, 5 MW pressurised, 10 MW AEM stacks - 1 MW Solid-oxide stacks - 1
e E—— modules modules modhies madules MW modubes
R SNK-001 Energy balance (S2... s e Porameter Hasim israry Hasim library Hasim library Hasim library Hasiar fbrary
& SNK-002 Water & mass bala.. - .
Technology PEM 25 HEL AEM SCEC
B CEL-DO1 Cell cross-section .. Battery storage
2 companents - size in MW Modul PAW] 1 1 1
B STR-001 Stack module & pl.. - odule rating (MW] 2 > g
0 WIR-001 Wler bestment L. WATER Stack temperature [*C] 20 a0 ) 60 200
© CMP-001 Compression train Water treatment plant Cathode (hydrogen) pressure [bar] 30 30 30 10 1
3 LaY-001 Plot plan & safety d... 3 components -3ize in '/ Rated curent density [A/cm?) 18 0,400 0.400 1 0,800
- Dat2 SETTRCUIER Area-specific resistance [0 ) 0120 0180 0.180 0120 0250
Bl Stresm table 2 :Imolyse:!aacls a::;mdules Voltage degradation [Lv/h] 48 32 12 20 7
s companents - size in M
= Equipment list u . Stack life ) 80000 80000 80000 20000 30000
I Simulation Power electronics (rectifier +
- Simatis wansformen) Minimurn foad (-] 0100 0200 0200 0100 0300
| Annual simulation 8760 1 S
2 COMmPOnENS.. 5ize in M Platinum-group metals (Ir + Pty (a/5W] 0.800 o o 1} 1}
@ Economics
N Balance of plant (gas processing, Capital cost ] 675 430 420 230 560
& mpactorvanment circulation, cooling)
@ Dasign chacks @ nnz 4 components - 52e in MW Fired O&M [1/3] 0025 0,025 0.025 0025 0025
4 Optimisation COMPRESSION AND STORAGE Econormic life [4] 25 23 5 FL EH
£ R i 1 CO=0/kW] 5
£ Risk curves P ——— Embodied emissions kg COse/kW] 1375 2537 2537 %92 1026
£ Policy & incentrves 2 comaanents - Ste in W Land [m?/nW (plant incl. BoR)) 250 350 330 300 400
B Design report — -
Hydrogen storage vessels Construction jobs (job-years] 1.5 per MEUR 1.5 per MEUR. 1.5 per MEUR 15 per MEUR 1.5 per MEUR
- Engineering tools 2 comporants 528 in kg X
Manufacturing jobs job-years! 1.5 per MEUR 1.5 per MEUR 1.5 per MEUR 1.5 pes MEUR 1.5 per MEUR
& cell & Stack Lab Tt
T Equation \iuafy DEM]OES FTE] 0.9 per MW H; 0.9 per MW Hz 0.9 per MW H: 0.5 per MW H; 0.9 per MW H;
I Equ
e Hampipdine_ CAPEX shares: equipment / instalation / services 100/0/0% 100/0/0% 100/0/0% 100/0/0% 100/ 0/0%
Messages 7 Design checks 11/12 =]

Soived: T9ms  20x 5MWAEL.slonded  H: 7968t  LOOHSIGEURAg C1008kgkg  Licensed to Prof, Hani Muhsen  Owner : perpetual £ 2026 Prof. Hani Muhsen. Al rights reserved. Owner & developer: Prof. Hani Muhsen.

Figure 11.3 — The component library with the five electrolyser stacks side by side (Properties panel hidden with Alt+2).
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Group Content Used by
Technical data used  e.g. module rating, current density, ASR, degradation, stack life and minimum load of Plant models and
by the model stacks; tracking gain, losses and DC/AC ratio of PV; power curve of wind turbines; round-  block models
trip efficiency of batteries; recoveries of water plants; isentropic efficiency and pressure
ratio of compressors
Limits used by the Turbine class limit, maximum feed salinity, pressure ratings, capacity per machine, cycle Component checks
component checks life, technology of the balance of plant
Datasheet Hub height and rotor diameter, vessel and compressor type, power factor Information
Economic data Capital cost in the unit of the category, fixed O&M as a share of CAPEX, economic life Costs of blocks
and plants, NPV
Environmental data Embodied GHG emissions of manufacture, transport and installation, land occupied, Environmental
platinum-group metals, total area of wind farms impact
Social data Employment factors for construction and installation, manufacturing and operation and Jobs and local
maintenance with their basis; CAPEX shares of equipment, installation and services content

Your own components

a Select a component and press Duplicate to edit; give the copy a name. It appears in the same
category marked my library (Figure 11.4).

e Change its values, name and technology and press Save changes. Delete removes it from your

library — projects and models that use it keep their own copy.

e Apply to the plant project uses the component in the current plant; Use in the Model builder puts it

into the selected block of the Model builder (or the first block with this kind of equipment).

o Export my library writes your components to a JSON file, Import... reads one — for example vendor

data shared in your team. Imported components are checked: unknown fields are ignored and every
value is limited to its allowed range.

PEM stack - vendor quotation 2027 T Duplicate [ % Delete | | Apply to the plant project | Use in the Model builder
IDENTIFICATION

MName ‘ PEM stack — vendoer quotation 2027 |
Technology ‘ Proton-exchange membrane, Ir/Pt catalysts, 30 bar cathode |
Source User — based on “PEM stacks — 5 MW modules”

TECHNICAL DATA USED BY THE MODEL

Technology | PEM V|
Module rating [MW] | 5 |
Stack temperature [*C] | 80 |
Cathode (hydrogen) pressure [bar] | 30 |
Rated current density [A/cm’] | 18 |
Area-specific resistance [0 cm’] | 012 |
Voltage degradation [uV/h] | 4.8 |
Stack life [h] [ 80000 |
Minimum load [-] | 01 |
ECONOMIC DATA

Capital cost [EUR/KW]
Fixed O8M (share of CAPEX per year) [1/2] [ 0.025 |
Economic life [years] | 25 |
ENVIRONMENTAL DATA

Platinum-group metals (Ir + Pt) [g/kW)] | 08 |
Embodied GHG emissions {(manufacture, transport, installation) [kg CO-e/kW] | 1375 |
Land occupied [m*MW (plant incl. BoP)] [ 250 |

Figure 11.4 — A component of your library, duplicated from the PEM stack and edited with a vendor price.
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Components of the Hasim library are read-only. A value changed in the component wizard changes only the
copy used by that project or model. Your library is kept in the browser storage of the edition you use -
export it to keep a backup or to take it to another computer.

11.5 Model builder

Builds value chains from blocks — Power supply (PV / wind / grid), Water treatment (RO + polishing),
Electrolyser plant, Compressor, Compressed storage buffer, Pipeline, Tube-trailer delivery, Ammonia
synthesis (Haber—Bosch), Methanol synthesis, Fuel cell (power-to-power), Refuelling station 700 bar, Gas-
grid blending, Economics & carbon (LCOH, CI). The stream (hydrogen, pressure, energy, cost, carbon)
passes from block to block; the electrolyser block runs the 8760-hour model with the power supply before it.
The builder opens with the chain of Case B (islanded ammonia export); Load example model... offers
further chains.

o New empty model, then start with a standard chain or add blocks from the palette. The palette is
grouped by stage (power and water, hydrogen production, compression and storage, delivery and end
use, evaluation) and every block is inserted at its place in the chain.

Click a block to edit its parameters and components in the editor below the palette. < Move / Move
— change its position.

active) restores the chain.

The order checks under the chain explain problems — a missing electrolyser, water treatment after the
electrolyser, blocks that receive no hydrogen, Economics not at the end — and Fix order sorts the
blocks into flow order.

With Live results the results update half a second after every change; Run model recalculates and
scrolls to them. Save model / Open model store the chain with its components and settings as a
JSON file.

e Delete a block with its %, with Delete block or with the Delete key; Undo (Ctrl+Z while the builder is

Figure 11.5 — Model builder: chain, order checks and palette. Figure 11.6 — Results of a chain.

Components of the blocks

Blocks with equipment — power supply, water treatment, electrolyser, compressor, storage, pipeline, trailers,
refuelling station, ammonia, methanol and fuel cell — list their equipment under Components of this block
(Figure 11.7). Without a component a block uses its own parameters (Generic — block values) and the
assessment uses the Hasim default. Component wizard... in the block editor or the toolbar walks through
the equipment of all blocks of the chain (Figure 11.8): choose a component, set its size in the model — for
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example the PV capacity, the mean wind speed of the site or the electrolyser rating — edit its parameters
and watch the effect on the whole chain. Apply components stores the selection in the blocks as one step
of Undo. Block parameters defined by a component are shown grey and locked; their tooltip names the
component. Change them in the wizard, or return to the generic block with x.

3. Electrolyser plant ~ Move Mowve — X Delete block
Runs the 8760-h dispatch model (DM Fig. 4.2) with the cell-level polarisation model of the chosen technology.

Compannsf i i

Electrolyser stacks and modules Alkaline stacks — large pressurised, 10 MW modules | Hasim library Choose.. | =
AEL - 10 MW modules - min. load 0.200 - 420 EUR/KW . 253.7 kg CO-e/kW

Power electronics (rectifier + transformer) Generic — block values Choose...
Balance of plant (gas processing, circulation,  Generic — block values Choose...
cooling)

8 Grey fields are set by the components.

Technology (PEM/AEL/AEM/SOEC) Rated power [MW] Minimum load [ System CAPEX [EUR/W]

AEL v [ 100 | {02 | | 970 |
Auxiliaries [MW] Availability ] Stack temperature (blank = preset) [*C] Cathode pressure (blank = preset) [bar]
s | [oss | [e0 | [z0 '|

Figure 11.7 — The electrolyser block with a library stack: technology, minimum load, temperature, pressure and CAPEX are set
by the components (grey).

i} Component wizard — Case B - islanded ammonia export

@ solar PV piant (@) Wind turbines ) 3 Batterystorage || 4 Water treatment plant () Electrolyser stacks and modules |6 Power electronics |7 Balance of plant
8 Hydrogen compressor 9 Hydrogen storage vessels | 10 Ammonia synthesis and air separation

1. Power supply (PV / wind / grid) - choose a component
SIZE IN THIS MODEL

Wind turbines —
Wind capacity [MW] 60 \

Generic — use the block values e
no library component: the block parameters are used and the assessment Wean wind speed at hub (site) (m/s] a8 ‘
uses the Hasim default = 14 turbines of 4.2 MW
Onshore wind turbine 5 MW class, medium wind (IEC 1)) Onshore wind turbine 4.2 MW, high wind (IEC1) Hasim library Save as my component...
5 MW . rated 12 m/s - 1300 EUR/KW - 446 kg COe/kW High-specific-rating turbine for strong winds, ~117 m rotor, 100 m hub - edit a value to use it in this model; the library stays
Hasim library - Three-bladed upwind turbine, ~150 m rotor, 120 m hub unchanged.

TECHNICAL DATA USED BY THE MODEL
Onshore wind turbine 4.5 MW, large rotor for low wind (IEC I11)

4.5 MW . rated 10.5 m/s - 1400 EUR/KW - 448 kg COxe/kW Turbine rating [MIA] ‘ 42
Hasim library - Low-specific-rating turbine, ~163 m rotor, 125 m hub Cut-in wind Speed [m/s) ‘ 3
Onshore wind turbine 4.2 MW, high wind (IEC I} Rated wind speed [m/s) [13
4.2 MW - rated 13 m/s - 1250 EUR/KW - 448 kg COse/kW Cut-out wind speed (e (25
Hasim library - High-specific-rating turbine for strong winds, ~117 m rotor, 100
m hub Wake, availability and electrical losses [-] \ 0.188
Offshore wind turbine 15 MW, fixed-bottom (IEC 1) LIMITS USED BY THE COMPONENT CHECKS
15 MW - rated 10.59 m/s - 2650 EUR/KW - 887 kg COze/kW Turbine class limit: mean wind at hub (IEC 61400-1) [m/s] ‘ 10
Hasim library - IEA 15 MW reference turbine, 240 m rotor, 150 m hub, monopile;
sea area not counted as land DATASHEET (INFORMATION ONLY)
Hub height [m] | 100
Rotor diameter fr] |17

ECONOMIC DATA

Effect on the model - recalculated with the components chosen so far

7838 t/a 8.82 FUR/kg 591.1 MEUR 0.00 kg CO.e/kg 1.78 kg COze/kg 1602 job-years 202 FTE 320%

Hydrogen @ LCOH Investment @ GHG intensity @ Life-cycle CI Construction jobs Permanent jobs Local content
(RFNBO)

5/6

@ Checks passed

Changes take effect when you press Apply - Ctrl+Z undoes them Cancel — Back Mext — @® Apply components

Figure 11.8 — The component wizard of the Model builder at the wind turbines of the power-supply block.

The results start with Results and impacts of the chain — hydrogen, LCOH, investment, life-cycle carbon
intensity, construction and permanent jobs, local content and checks — followed by the stream after each
block, the calculation log, the monthly production and the complete impact assessment of section 9.2
(Figure 11.9). The chain checks cover the gas purity at the minimum load (CM 7.7, DM 10.2), unserved
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auxiliary energy (DM 4.3), compressor discharge temperature (DM 12.1), storage and pipeline capacity, the
carbon intensity (CM 18.1) and the component checks — module rating, balance-of-plant technology, turbine
class, battery cycles, feed salinity, pressure ratings, number of compressors and trailer pressure.
Assessment settings above the results hold the settings of section 9.3 and an optional production target.
Apply to plant... transfers the library components of the model to the plant project — the plant keeps its
sizes — and opens its impact assessment.

Technical performance and checks
> Assessment settings - region Middle East

7838vs 50.45% 4420n 56.31 wivkg 65.16 wivig 51.14=
7838 vs 8.82 rurg 591.1 meur 0.00 kg COe/kg 1.78 g C0seg 1602 job-years 291 30 b NH; 42710
Hydrogen LCOH investment @ GHG intensity © Lifegyde €1 Construction jobs Starts peryear Final pressure Product Product output
| 202 | 320% 5/6
P | o FRA—-
Design and com|
Stream after each block Group Value  Limit / rule Result
o s pow sy v chpEx M) ol 1565 s2% ) I
1 Power supply (PV/ wind / grid) 0 1 0 o Components 10MW < 100 MW  pass
2 \Water treatment (RO + polishing) o 1 o 0 1092MwWh/a =0Mwh  DpM43 lrevie W
3 ecrlsrpn ws  m w2 aoms < 1oms I
4 Cor 7838 100 4883 3052 9274°C < 120°C (API 618, 6th ed) V pass
5 Cor 7838 30 4383 3325 Okg/kg = 338kg/kg  pass
7 Economics & carbon (LCOH, CI) 7838 30 5107 4029 Economic impact
591.1 mewr 5911 euraw 1618 eurt 8.91 meursa -221.4 veur
CF o.505, 5, SEC 56.3 ih/hg, curtailnent 14.0 3, 291 starts, stack 3.5% 16.5 0 189.3 neur 6.74uzs
ry 58197 h (CH 6, QR Simple payback ing, Local spending, O&M
Figure 11.9 — Results and impacts of the chain with three Figure 11.10 — Technical performance and the chain checks:
library components. the auxiliaries of the islanded chain are not supplied at night.

11.6 Script console and API

Automates studies in JavaScript. The console provides H2 (engine), H2F (drawings), print(), table()
and plot() . Scripts run in strict mode and have no access to the application window, its storage or the
licence; results are exported with the Table/CSV/SVG buttons of the charts and tables they create. The

example Impacts of a design with library components applies components to Case B and tabulates its
impacts.
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Call Returns

H2.solveSystem(basis) Complete system: equipment, streams, electrical data, annual
simulation, balances, layout, checks, codes and standards screening

( compliance, hazAreas, seveso )and KPls
H2.CASES.A | B | C Example design bases

H2.run(id, inputs), H2.sweep(id, key, One equation, or a sweep of one input

a, b, n, fixed)

H2.cell(tech, j), H2.system(tech, P_kW, Cell model and system operating points
opts).atLoad(L)

H2.hourly(cfg) , H2.designPlant(basis) , Annual simulation, design chain, block model
H2.runFlowsheet(blocks)

H2F.pfd(sys) , H2F.sld(sys) , Drawing generators (SVG)
H2F . DRAWINGS

H2.LIB, H2.libGet(id) , H2.libList(cat) Components of the library (copies)

H2.basisFromComponent(basis, slot, Design-basis values set by a component — merge them into the basis
comp) with Object.assign
H2.assessPlant(sys) , Impact assessment of a plant or of a Model-builder chain

H2.assessChain(result, blocks,
settings)

Simulate  Drawings elp Case B - 100 MW AEL, istanded hybrid, ammonia export

Home Drwings Analysis Tools Help

B o B ® Auto-solve Load examale.. e B =] @ B e 2

Mewr Open  Save Savve Case & B from the manuais Overview Designbasis  Sitedats Report  Activate  Buy
Project Sorve Eaamaie Project cata Ucence
PROJECT EXPLORER * Designchecks = B Designrepot x| A Cell &Stacklab x T Equationlibrary x = Experiments x oo Builder x = validation = [ Script x | PROPERTIES ®
- [ Case B - 100 MW AEL islanded h... Design basis
B Overview Script console Cace B- 100 MW o
Automate studies with JavaScript. Available: HZ (engine), H2F (drawings), printy..), table(rows), plot(spec). Scripts run in strict mode inside the application page. The _
MDA engine and its data are read-only for scripts; seripts can use browser features — run only code you trust Edit 0 vakue and press Enter ~the system re-solves
@ Site data automaticalty.
awi s =
O brawings Example | Solve a design basis and st the equipment PLANT COMPONENTS
%% PFD-001 Process flow diagr... Solar PV
& SLO-001 Electrical single-line... I3 [m:lu;hs_ystu sznu(:;anple A with .u{\ A‘lk:line alectm'lys:r " Wind farm
const b = Object.assign H2.CASES.A, { tech: 'AEL', capextEly: 1188 });
5= SNK-001 Energy balance (Sa. 2 il ! | capeEly ! Battery storage 30 My
const sys = K2.solveSysten(b); Gido »
& SNK-D02 Water & mass bala.. print{'LCOH ' + sys.kpi.LCOH. toFixed(2) + * EURfkg, H2 ' + sys.kpi.H2_t.toFixed(8) + ' t/a’); R -

W CEL-001 Cell cross-section ... table([['Tag', 'Equipment', 'Qty']].concat(sys.equip.map(e => [e.tag, e.name, e.count || 1])2); End use | Ammonia plant (Haber-Bosch) ~
B STK-001 Stack, module & pl...
£ WTR-001 Water-treatment t...
© CMP-001 Compression train

3 Lav-001 Plot plan & safety d... LIBRARY COMPONENTS nons selacted
- @@ Data B Component wizard... || & Impact assessrment
Bl Stream table 2
= Equipment list T
| Simulaticn - Project name Case B - 100 MW AEL isk:
Tab ins ces - press Esc, then Tab to leave the editor. Cirl» Enter runs the seript.
I Anoual simulation 6760 ’ e e - ° Site Asid coast, 26" N
@ Economics Legal owner of the docu
& Impact assessment Output Prepared by
@ Design checks @ ik LCOH .53 EUR/kg, H2 1849 t/a
% Optimisation — done in 64 ms
Ammonia v
£ Risk curves
Asnon
=]

Messages 7 Design checks 11/12
Annual hydrogen after gas processing (simulated) vs demand: 796,10 t/a (imit = 8010 t/a (97 % of 8258}, DM 1.1/ CM 1.4}
st CaCO,y scaling (DM 8.6}

Positive sealing index (LS1 1.88, indicatrve for seawater concentrate) - acid or antizcalant

£L-101 Stacks are replaced every S8197 apesating hours, when the cell voltage has risen by 10% at 3.2 4\/h (CM £.6) - eaclser than the stated lfe of 80000 b
EL-101 Opesating minimur load raised from 20 % to 28 % at kower loads hydregen in oxygen would exceed the 2 % trip [CM 7.7, DM 10.2),
Soiver System salved: 26 equipment items, 21 streams, §760-h dispatch in 65 ms.

srisad 1 Prof. Hani Muhsen . Owner . perpetus]

of. Hani Muhsen.

o Prof. Hani Muhsen - Owner - perpetual

Figure 11.11 — Script console.
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11.7 Validation

Runs the verification suite described in Chapter 12 and lists every check with manual value, Hasim value
and deviation.

hybrid. ammox

Home Drawings Analysis  Tools  Help

B o B8 ® sutoesotve [ Load example.. v s u] 2] e B LV

Mew = Open  Sove Case A B+ C from the manuais Overview Designbasis  Stedata Report  Acthvate  Buy
Project Soive Example Project data Uicence
PROJECT EXPLORER * omics x| @ Designchecks x B Designreport x A Cell&Stacklab x I Equationlibrary x = Experiments x oo Builder x = Validation x = PROPERTIES b
- [ Case B - 100 MW AEL islanded h... L R Design basis
B Overvi Validation against the manuals Case 8- 100 . islanded hybnd, smmania expart
Bloarn b Each check reproduces a number printed in a worked example of the Calculations Manual (CM) or the Plant Design Manual (DM). Tolerance 2.5 % (manual
gn basis rounding] unless stated. Edita voloe and press Ente stem re-seives
@ Site data automatically.
& prawings ] 318 318 0 116 PLANT COMPONENTS
%% PFD-001 Process flow diagr... Chacks @ Paszed @ Failed Worked axam Solar PV
& SLO-001 Electrical single-line... Wind farm
=& SNK-001 Energy balance (5., Example Caze Equation Quantity Manual Hasim Deviation Battery storage
& SNK-D02 Water & mass bala.. CMEx 11 Mass flow from 500 Nm'/h aan m 4497 4497 000% pass Grid conry -
4 CEL-001 Cell cress-section &.. CMEx11 Mass flow from 500 Nm'/h [TER] m_td 108 108 003% pass End use | Ammania plant (Haber-Basch) v
B STK-001 Stack, module & pi.. CMEx1a Energy content of 44.97 ka/h [F E_LHV 1408 1408 003% pass T
£ WTR-001 Water-treatment t... CMEx 11 Enengy content of 44.57 ka/h E_HHY 1772 1772 002% pass -
© CMP-001 Compression train CMEx12 20 MW at CF 45 %, 53 kiWh/kg mdot 3r7 3774 010% pass B
FejEAC Do bl plan Bcsaletycl CMEX12 Annuzl production E 78840 78840 000% pass LIBRARY COMPONENTS none sefected
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Sizing Annual ydrogen after gas processing (simulated) vs demand: 7968.19 t/a (it = 8010 2 (97 % of 8258), DM 1.1/ CM 1.4}
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Licence ensed to Prof. Hani Muhsen - Owner . perpetual

Figure 11.12 — Validation.
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12 Verification and validation

12.1 Worked examples of the manuals

Hasim is verified against the worked examples of both manuals: 318 numerical checks from 116 worked
examples reproduce the printed results. All 318 checks pass; the largest deviation is 2.4 %, within the
rounding of the printed values (tolerance 2.5 %).

« The annual energy balance closes to better than 10°® GWh for all examples (reported as a design
check).

» The mass balance of every stream node is conserved by construction; the water balance matches the
Dl-water demand of DM 6.1.

» Real-gas densities use the Abel-Noble equation, accurate to about 1 % up to 700 bar at ambient
temperature.

» Drawings are checked for consistency with the solved data (equipment tags, stream numbers and
values).

» Aregression suite of the development checks the models introduced by the 2026 expert review — stack
life and degradation, gas-processing losses, the RENBO method, the compressor temperature limit, the
major-accident summation, the SOEC energy balance — and the input guards of the solver.

12.2 External benchmarks

Hasim’s models were also compared with independent data: measured operation of real plants, the results
of established tools — US DOE H2A and HDSAM, NREL SAM and HOMER Pro — and the reference values
of the Clean Hydrogen Partnership, the US DOE, IRENA and the IEA (September 2026). Every comparison
uses the default technology presets and library components. 63 of the 86 comparisons agree within 5 %
and 12 more within 10 %; of the 11 larger deviations 8 are conservative and 3 optimistic. Hasim 3.0.0
changed the model elements behind most deviations of the first benchmark (Hasim 2.0: 55 of 84 agreed, 17
deviated). The comparison runs with the regression suite of the development, so every new version is
checked against the same references. The Hasim Validation Note describes the method in detail.

Domain Comparisons Agree (£5%) Close (10 %) Deviate (> 10 %)
PEM electrolysers: measured plants and DOE H2A 11 8 2 1
Technology presets: Clean Hydrogen Partnership, DOE, 19 15 0 4
IRENA

Alkaline, solid-oxide and AEM electrolysers: measured and 13 8 5 0
rated

Photovoltaics: measured fleets, SAM and HOMER 12 10 2 0
Wind: measured farms 4 2 1 1
Compression: DOE, HDSAM and measured 8 4 1 3
Water: Hasim defaults and references 5 2 1 2
Levelised cost of hydrogen: US DOE H2A-Lite and IEA 14 14 0 0
Total 86 63 12 11
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A comparison agrees within 5 % (or inside the published range), is close within 10 % and deviates
beyond; a deviation is conservative when Hasim’s value is less favourable for the plant than the reference.
Types: measured, tool result, model assumption, reference value, vendor rating.

Changes in Hasim 3.0.0

Model element

Hasim 2.0

Hasim 3.0.0

Wind: shape of the wind-
speed distribution [1, 2]

Wind: loss allowance
(wakes, availability,
electrical, other) [1]

Wind: offshore turbine class
[3]

PEM: minimum load
[4,5,6,7]

PEM: degradation and stack
life [8, 9]

Alkaline: degradation and
stack life [10]

SOEC: degradation and
stack life [11, 12]

SOEC: minimum load [5, 13]

AEM: cell resistance [14, 15]

Weibull k = 2 of the generator; the daily
and seasonal variation lowered it to
about 1.8 in the series

12 %

31 % — the 2 % H--in-O- trip at 30 bar

5.0 mV/1000 h, 37 809 h

0.11 %/1000 h, 90 000 h (stated life)

0.75 %/1000 h, 13 354 h

20 %

0.25 Q cm? 57.6 kWh/kg, 2.003 V at 1
Alcm?

shape factor k of the site as a design-basis input (default 2);
the series is mapped by rank onto the site’s Weibull
distribution, so mean and k are exact

18.8 % onshore, 15.5 % offshore (NREL reference projects)

15 MW fixed-bottom turbine after the IEA 15 MW reference
turbine (240 m rotor, rated 10.59 m/s) with offshore cost,
life-cycle emissions and jobs

15 % — the cathode pressure is lowered in proportion to the
load, down to 10 bar; the part-load hydrogen is compressed
from the lower pressure

4.8 mV/1000 h, 39 385 h (US DOE status)

0.17 %/1000 h (3.2 mV/1000 h), 58 197 h; stated life 80 000
h (US DOE status and 2026 target)

0.52 %/1000 h (7 mV/1000 h), 19 078 h — between the US
DOE status and the 20 000 h stack tests

30 % — the drop in efficiency at low load (INL) is not
modelled

0.12 Q cm? 54.0 kWh/kg, 1.873 V at 1 A/cm? (current
commercial units)

Effect on the example plants (design-basis defaults, annual simulation):

Example plant Hydrogen, t/a LCOH, EUR/kg Wind energy, GWh/a Minimum load, % of rated input
Case A— 10 MW PEM, grid- 1059 —-1047 10.13 — 10.18 36.9 — 34.5 31.6 —»15.8
connected, industrial park
Case B — 100 MW AEL, islanded 8339 — 7 968 7.66 — 8.16 200.4 — 177.8 20.0 — 28.8
hybrid, ammonia export
Case C — 1 MW PEM refuelling hub 155 —> 154  15.19 — 15.21 - 31.6 —>15.8
(small scale)
PEM electrolysers: measured plants and US DOE H2A
Reference Basis Published Hasim Deviation Result
Energiepark Mainz, 6 whole plant incl. 61.7 kWh/kg 58.8 kWh/kg -4.7 % agrees
MW PEM (Siemens transformers, rectifiers,
SILYZER 200), rated 4 pumps, cooling and
MW [16] compression to 225 bar
measured (64 % HHV)
first-generation stacks
(2015)
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Reference

Energiepark Mainz, rise
of the specific
consumption from 4 to 6
MW (150 % load) [16]
measured

HyBalance, 1.2 MW
PEM (Hydrogenics),
nominal flow [17]

measured

REFHYNE, 10 MW
PEM (ITM Power),
average load [18]

measured

NREL Flatirons, 1.25
MW PEM system (Nel),
initial power-hold and
polarisation tests [19]
measured

DOE H2A: PEM stack at
2.0A/cm?and 1.9V
[8, 20]

model assumption

DOE H2A: PEM system,
beginning of life [8]

model assumption

DOE H2A: PEM system,
life average [8]

model assumption

DOE H2A 2019: PEM
system, life average
implied by the cost
record [20]

model assumption

DOE H2A: PEM stack
degradation [8]

model assumption

REFHYNE: PEM stack
degradation in the field
(2024-2025) [18]

measured

Technology presets: Clean Hydrogen Partnership, US DOE, IRENA

Basis

whole plant

system incl. auxiliaries

stack
Hasim at 60-80 % load

stack, DC, mean of the
runs
Hasim at 60-80 % load

stack

system (stack + balance
of plant)

system, average over
the stack life

4.18 $/kg electricity cost
+7.35 ¢/kWh

cell-voltage rise;
replacement after
40 000 h

Hasim replaces the
stack after 39 385 h

at full utilisation

Published Hasim Deviation
79 % 5.0% -2.9 pp

56.5 kWh/kg 57.6 kWh/kg +1.9 %
<49 kWh/kg 48.0-49.4 kWh/kg within
51.4 kWh/kg 48.0-49.4 kWh/kg -6.6t0-3.9 %
50.4-51.0 kWh/kg 51.4 kWh/kg +0.8 %
55.2 kWh/kg 54.7 kWh/kg -0.9%
57.5 kWh/kg 57.2 kWh/kg -0.5%
56.9 kWh/kg 57.2 kWh/kg +0.5 %
4.8 mV/1000 h 4.8 mV/1000 h 0.0 %
0.09 %/1000 h 0.25 %/1000 h 2.8 x

© 2026 Prof. Hani Muhsen

Result

close, optimistic

agrees

agrees

close, optimistic

agrees

agrees

agrees

agrees

agrees

deviates, conservative

Reference Basis Published Hasim Deviation Result
PEM: system system, AC 55.0 kWh/kg 54.7 kWh/kg -0.5% agrees
consumption, state

of the art (SRIA

2020; DOE status)
[9, 21]

reference value
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Reference Basis Published Hasim Deviation Result
PEM: stack efficiency loss at nominal 0.19 %/1000 h  0.25 %/1000 h +31.6 % deviates, conservative
degradation, state of capacity
the art (SRIA 2020)
[21]
reference value
PEM: stack life, end of life at +10 % voltage 40 000 h 39385h -1.5% agrees
DOE status [9]
reference value
PEM: lower end of system 0-10 % of rated 15 % of rated +50.0 % deviates, conservative
the load range Hasim lowers the cathode
(expert elicitation) pressure at part load, down to
[4, 5] 10 bar (at a constant 30 bar the
reference value 2 % H:-in-0: trip would limit the
load to 48.6 %); the model has
no recombination catalyst, with
which vendors reach 5-10 %
PEM: operating system, lower end 5-10 % of rated 15 % of rated +50.0 % deviates, conservative
range of commercial rated 5-125 % and 10-100 %;
systems (Cummins the purity limit of the preset
HyLYZER-1000, Nel  without a recombination catalyst
M Series) [6, 7] at 10 bar is the conservative
vendor rating value
AEL: system system, AC 50.0-55.0 kWh/kg 53.7 kWh/kg within agrees
consumption, state
of the art (SRIA
2020 — DOE status)
[10, 21]
reference value
AEL: cell voltage at  cell 1.90 V 1.895V -0.3% agrees
0.5 A/lcm? (DOE
status) [10]
reference value
AEL: stack efficiency or voltage loss 0.12-0.17 %/1000 h  0.17 %/1000 h within agrees
degradation (SRIA
2020 — DOE status)
[10, 21]
reference value
AEL: stack life, DOE  end of life 60 000 h 58 197 h -3.0% agrees
status and IRENA the expert elicitation gives
2020 [5, 10, 22] 60 000-90 000 h
reference value
AEL: lower end of system 10-40 % of rated 28.1 % of rated within agrees
the load range
(expert elicitation) [5]
reference value
AEM: system system, AC 55.0 kWh/kg 54.0 kWh/kg -1.8 % agrees
consumption, state IRENA 2020: 57-69 kWh/kg
of the art (SRIA
2020) [21, 22]

reference value
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Reference Basis

AEM: cell voltage at  cell
0.2-1.0 A/lcm?
(review) [23]

reference value

AEM: stack
degradation, state of
the art (SRIA 2020:
above 1.0) [21]

reference value

SOEC: electricity,
state of the art (DOE
status — SRIA 2020)
[11, 21]

reference value

SOEC: heat for the
steam (DOE status
— SRIA 2020) [11, 21]

reference value

SOEC: cell voltage
at 0.6 A/cm? (DOE
status) [11]

reference value

cell

SOEC: stack
degradation, DOE
status (6.4 mV/1000
h) [11]

reference value
SOEC: stack life,

DOE status [11]
reference value

SOEC: lower end of
the load range
(expert elicitation) [5]

system

reference value

end of life

Hasim at 1 A/cm?

efficiency loss

system, steam from outside

thermal energy per kg
measured at INL: 6.4 kWh of
heat per kg

voltage rise

Published

1.80-2.20 V

> 1.0 %/1000 h

38.0-40.0 kWhkg

9.0-9.9 kWhy /kg

1.28V

0.50 %/1000 h

20 000 h

> 30 % of rated

Hasim

1.873V

1.07 %/1000 h

38.4 kWhkg

6.6 kWhy/kg

1.248V

0.52 %/1000 h

19078 h

30 % of rated

Alkaline, solid-oxide and AEM electrolysers: measured and rated

Reference

Basis

Published

Hasim

Deviation

-26.7 %

Deviation

© 2026 Prof. Hani Muhsen

Result

within  agrees

within agrees

within  agrees

deviates, optimistic

-2.5% agrees

+4.0 % agrees

-4.6 % agrees

within agrees

Result

AEL 1 MW atmospheric (Nel),
full load [24]

measured

AEL 1 MW atmospheric (Nel),
20 % load [24]
measured

AEL LONGi ALK Hi1 / Hi1 Plus,
full load (factory test witnessed
by DNV) [25]

vendor rating

SOEC GrinHy2.0, 720 kW

(Sunfire), best measured [26]

measured

stack, DC; model fitted to
plant data

Hasim AEL preset at
atmospheric pressure

stack, DC; model fitted to
plant data

stack, DC

electrical, steam from
waste heat (84.6 % LHV)
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52.0 kWh/kg

47.0 kWh/kg

45.6-47.8 kWh/kg

39.4 kWh/kg

47.5 kWh/kg

43.5 kWh/kg

49.7 KWh/kg

38.4 kWh/kg

-8.7 % close, optimistic

-7.4% close, optimistic

+4.0 % agrees

-2.5% agrees
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Reference Basis Published Hasim Deviation Result
SOEC MultiPLHY, 2.6 MW module, factory 38.8 kWh/kg 38.4 kWh/kg -1.0% agrees
(Sunfire), full load [27] acceptance test (86 %
measured LHV)
SOEC MultiPLHY, part load [27] module, factory 37.4 kWh/kg 37.1 kWh/kg -0.8 % agrees
measured acceptance test (89 %
LHV)
Hasim at 74 % load
SOEC 100 kW system (Bloom  DC incl. blowers, heaters, 36.7 kWh/kg 36.7 kWh/kg +0.0 % agrees
Energy) at INL, 97 % load [13] controls; excl. AC/DC and
measured steam
SOEC at INL, 74 % load [13] as above 37.7 kWh/kg 35.7 kWh/kg -5.3% close, optimistic
measured
SOEC at INL, heat for the external electric boiler 6.4 kWhy/kg 6.6 kWhy,/kg +3.1 % agrees
steam [13]
measured
SOEC stack degradation in cell or stack voltage 0.57-0.60 %/1000 h  0.52 %/1000 h -8.8 % close, optimistic
18 000-23 000 h tests (Julich,  INL system: below 0.2
EIFER) [12, 13, 28] %/1000 h
measured
AEM Enapter EL 4.1, beginning  system (4.8 kWh/Nm?) 53.4 kWh/kg 54.0 kWh/kg +1.1% agrees
of life [14]
vendor rating
AEM Enapter Nexus 1000, system incl. utilities 51.3 kWh/kg 54.0 kWh/kg +5.3 % close, conservative
beginning of life [14]
vendor rating
AEM 2 kW stack (ANIONE), 1 cell voltage 1.80V 1.873V +4.1% agrees
A/cm?, 2 000 h [15]
measured
Photovoltaics: measured fleets, SAM and HOMER

Reference Basis Published Hasim Deviation Result
NREL ATB (SAM), single-axis, GHI >  AC capacity factor, 34.0 % 33.6 % -1.2% agrees
5.75 kWh/m?/d [29] ILR 1.34
tool result Hasim at 6 kWh/m?d
NREL ATB (SAM), single-axis, GHI AC capacity factor, 29.8 % 291 % -2.3% agrees
5.00-5.25 kWh/m?/d [29] ILR 1.34
tool result Hasim at 5.125

kWh/m%d
NREL ATB (SAM), single-axis, GHI AC capacity factor, 245 % 23.7% -3.3% agrees
4.00-4.25 kWh/m?#d [29] ILR 1.34
tool result Hasim at 4.125

kWh/m¥%d
NREL ATB (SAM), single-axis, GHI < AC capacity factor, 21.4 % 20.2 % -5.6 % close, conservative
3.75 kWh/m?/d [29] ILR 1.34
tool result Hasim at 3.5

kWh/m%d
LBNL US fleet: gain of single-axis AC capacity factor 3.0-5.0 pp 3.2 pp within agrees
tracking over fixed tilt [30] Hasim at 5.3
measured kWh/m%d
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Reference

Chile, 109 tracking plants, fleet

average (GHI about 2 500 kWh/m?/yr)

[31]

measured

India, 10 MWp at 18.75° N (GHI
1 814 kWh/m?/yr) [32]

measured

Alice Springs (DKASC), p-Si, fixed

20° (GHI about 2 245 kWh/m?/yr) [33]

measured

Germany, new systems (GHI 1 102
kWh/m?/yr) [34]
measured

HOMER Pro study, Ayvalik, Turkey

(GHI 4.62 kWh/m?/d, derating 88 %)
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Basis Published Hasim Deviation Result

specific yield 2 388 kWh/kWp 2 450 kWh/kWp +2.6 % agrees

grid data may mix AC

and DC ratings

specific yield, fixed 1580 kWh/kWp 1 591 kWh/kWp +0.7 % agrees
performance ratio 0.81 0.782 -3.5% agrees
performance ratio 0.80-0.90 0.855 within agrees

specific yield, fixed 1645 kWh/kWp 1 544 kWh/kWp -6.1 % close, conservative

[35]
tool result
HOMER Pro study, Naogaon, specific yield 1594 kWh/kWp 1 610 kWh/kWp +1.0 % agrees
Bangladesh (GHI about 5.0
kWh/m?/d) [36]
tool result
HOMER Pro study, Ostrava, Czechia  specific yield 1008 kWh/kWp 1 016 kWh/kWp +0.8 % agrees
(GHI 2.89 kWh/m?/d) [37]
tool result
Wind: measured farms
Reference Basis Published Hasim Deviation Result
US wind farms installed 2022 (233  capacity factor, curtailment (4.6 %) 40.0% 39.6% -1.0% agrees
W/m?, 8.3 m/s at 100 m), 2023 [38] added back
measured wind index of the year 0.95; Hasim
low-wind turbine (216 W/m?)
US wind farms installed 2021 (231  capacity factor, curtailment (5.3 %) 391% 37.7% -3.6 % agrees
W/m?, 8.0 m/s at 100 m), 2022 [38] added back
measured wind index of the year 1.06
alpha ventus offshore, 12 x 5 MW,  capacity factor 482% 412% -14.5 % deviates, conservative
10 m/s at hub, 2011-2013 Hasim with the turbine data of the
[2, 39, 40] farm, the FINO1 shape factor k 2.1
measured and the offshore loss allowance
(15.5 %)
NREL Cost of Wind Energy Review net capacity factor, losses 15.5 % 49.0% 46.1% -5.9 % close, conservative

2024: fixed-bottom offshore
reference project, 9.05 m/s at hub,
k2.11[1,3]

tool result

Hasim offshore turbine class (IEA
15 MW reference turbine)
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Compression
Reference Basis Published Hasim Deviation Result
Isothermal minimum 20 — 350 bar ~ thermodynamic 1.05 kWh/kg  1.10 kWh/kg +4.8 % agrees
at 300 K (DOE) [41] minimum
reference value
Isothermal minimum 20 — 700 bar ~ thermodynamic 1.35 kWh/kg 1.50 kWh/kg +11.1 % deviates, conservative
at 300 K (DOE) [41] minimum
reference value Hasim averages Z over
the pressure range
HDSAM station compression 20 —  electricity, same 2.23 kWh/kg 2.41 kWh/kg +8.1 % close, conservative
440 bar (isentropic 56 %, motor 92 efficiencies in Hasim
%) [41]
tool result
HDSAM station compression 20 —  electricity, same 3.0 kWh/kg 3.13 kWh/kg +4.3 % agrees
880 bar [41] efficiencies in Hasim
tool result
Pipeline compressor 20 — 100 bar  electricity 0.82 kWh/kg 0.95 kWh/kg +15.9 % deviates, conservative
(DOE status 2015) [42] Hasim default
reference value efficiencies
Terminal compressor 100 — 550 electricity 1.1 kWh/kg 1.14 kWh/kg +3.6 % agrees
bar (DOE status 2015) [42]
reference value
Compression at US refuelling measured range 2.0-4.0 kWh/kg 1.91 kWh/kg -4.5% agrees
stations, 350 bar (DOE technology =~ Hasim 20 — 440 bar,
validation) [41] default efficiencies
measured
Diaphragm compressor 10 — 420 measured over several 1.5 kWh/kg 2.28 kWh/kg +52.0 % deviates, conservative
bar, Cal State LA station [43] quarters
measured
Water
Reference Basis Published Hasim Deviation Result
Demineralised water consumed per kg process water 9.0-11.0 L/kg 10.0 L/kg within agrees
(Arup) [44] Hasim default of the design
reference value basis
Raw water, surface or municipal supply ~ process water, air cooling 15.0 L/kg 12.5 L/kg -16.7 % deviates, optimistic
(Arup, PEM, dry zone) [44] Hasim case A: RO recovery
reference value 0.8
Raw water, seawater (Arup, PEM, dry process water, air cooling 25.1L/kg 26.6 L/kg +6.0 % close, conservative
zone) [44] Hasim case B: SWRO +
reference value second pass
Hydrogen Park South Australia, 1.25 ultrapure water per kg 15.0 L/kg 10.0 L/kg -33.3 % deviates, optimistic
MW PEM [45] (operator)
measured
Practical range, stoichiometric to fresh water per kg 9.0-22.0L/kg 12.5L/kg within  agrees

deionisation losses (JRC) [46]

reference value
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Levelised cost of hydrogen: US DOE H2A-Lite and IEA

The DOE record gives the LCOH of a 50 t/d PEM plant for four power supplies at three installed costs, all
with 57.5 kWh/kg (life average), fixed O&M of 5 % of the capital per year, a stack replacement costing 11 %
of the capital every 40 000 operating hours and a 30-year life [8]. H2A-Lite finances the plant with equity,
debt and income tax; Hasim’s LCOH (equation CM 17.3) uses one discount rate. With a single rate of
11.6 % — the pre-tax equivalent of the H2A financing — Hasim reproduces all twelve DOE values within
1.9 % (mean 0.7 %). One rate fits all cases, so Hasim treats capacity factor, electricity price, capital cost
and stack replacement the same way as the DOE tool.

Capacity Electricity, 1500 $/kW: DOE / 2 000 $/kW: DOE / 2 500 $/kW: DOE /
Power supply factor ¢/kWh Hasim Hasim Hasim
Grid average 97 % 8.3 6.80/6.74 7.50/7.39 8.20/8.04
Hydropower 50 % 3.4 5.50/5.54 6.70/6.74 7.90/7.93
Land-based wind 51 % 2.9 5.20/5.19 6.40/6.36 7.50/7.53
(class 1)
Hybrid wind—PV 74 % 3.3 4.40/4.40 5.20/5.23 6.00/6.06

The IEA gives the LCOH of PV-based hydrogen in Oman in 2030 for an electrolyser of 320 $/kW, 69 %
efficiency (LHV), fixed O&M of 3 % per year, a PV capacity factor of 29 % and a 25-year life, with a WACC
of 3.5-5 % [47]. Hasim’s range covers these discount rates without and with one stack replacement after
50 000 h:

Electricity price IEA Hasim (WACC 3.5-5 %, without / with one stack replacement)
35 $/MWh 2.4 $/kg 2.24-2.40 $/kg
25 $/MWh 1.9 $/kg 1.76-1.91 $/kg

HOMER Pro and the accuracy of established tools

Three recent HOMER Pro studies of hydrogen systems ran the electrolyser at a constant efficiency at every
load: 85 % of the HHV [35, 37], that is 46.4 kWh/kg, or 80 % [36], that is 49.3 kWh/kg. Hasim’s PEM system
needs 54.7 kWh/kg at the beginning of life and 57.2 kWh/kg over the stack life, in line with the measured
plants and the DOE values. With the same electricity such a model therefore reports 16-23 % more
hydrogen than Hasim. An independent study found that constant-efficiency models overestimate the
hydrogen from wind and PV by 5-24 % [48]. The PV yields of the same HOMER studies agree with Hasim.

Tool Compared with Deviation from the measurement
HOMER Pro [49] PV energy, 4.2 kWp rooftop, Valencia +5.3 %
SAM [49] same system +7.6 %

HOMER Pro / SAM / PVsyst / RETScreen [50] PV energy, 177.8 kW plant, Sacramento +55/+3.6/+6.9/-3.9%

HOMER Pro [50] wind energy, 1.25 MW turbine, 5.8 m/s +15.7 %
PV models, blind test [51] six systems with measured weather median -3.3 % (annual energy)
Fixed-efficiency electrolyser models [48] hydrogen from wind and PV +5to +24 %

Deviations above 10 % and how to handle them

Conservative (8)
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« REFHYNE: PEM stack degradation in the field (2024-2025) (2.8 x): Hasim uses the US DOE status
of 4.8 mV per 1000 h, on which H2A and the DOE stack life of 40 000 h are based. The rates measured
in the field at REFHYNE and given by the Clean Hydrogen Partnership are lower, so stack
replacements are costed on the safe side. Enter the vendor rate in the Component library for a specific
stack.

» PEM: stack degradation, state of the art (SRIA 2020) (+31.6 %): See above — the same rate
compared with the Clean Hydrogen Partnership state of the art.

» alpha ventus offshore, 12 x 5 MW, 10 m/s at hub, 2011-2013 (-14.5 %): Hasim’s generic power
curve rises with the cube of the wind speed from the cut-in to the rated wind speed. The 5 MW turbines
of alpha ventus reach rated power only at 12.5-13 m/s but deliver much more below it than such a
curve. With the site’s shape factor and the offshore loss allowance Hasim is therefore 14.5 % low; for
the modern offshore class the gap to the NREL reference project is 5.9 % (section 5). Wind yields of
turbines with a high rated wind speed are conservative.

» Isothermal minimum 20 — 700 bar at 300 K (DOE) (+11.1 %): The isothermal minimum shown in the
compression results averages the compressibility over the whole pressure range; at 700 bar this
overstates it by about 11 %. The compressor energy itself is computed stage by stage and agrees with
HDSAM within +4 to +8 %.

» Pipeline compressor 20 — 100 bar (DOE status 2015) (+15.9 %): Hasim applies one compressor
efficiency set (isentropic 75 %, mechanical 95 %, motor 95 %) with the API 618 discharge-temperature
limit; large pipeline compressors reach higher efficiencies. Enter the vendor efficiency in the Component
library.

o Diaphragm compressor 10 — 420 bar, Cal State LA station (+52.0 %): The measured 1.5 kWh/kg of
this diaphragm compressor implies an isothermal efficiency of about 90 % — far above typical values; at
the US refuelling stations the DOE measured 2—4 kWh/kg, and Hasim’s 1.91 kWh/kg lies at the lower
end of that range.

Optimistic (3)

o SOEC: heat for the steam (DOE status — SRIA 2020) (-26.7 %): Hasim needs 6.6 kWh of heat per kg
to raise the steam — close to the 6.4 kWh/kg measured at INL. The DOE and Clean Hydrogen
Partnership values (9-9.9 kWh/kg) include further heat demands at their system boundary.

» Raw water, surface or municipal supply (Arup, PEM, dry zone) (-16.7 %): Water use depends on
the inputs of the design basis. Hasim’s defaults (10 L of demineralised water per kg, 80 % RO recovery
for municipal water) lie at the lean end; enter the supplier’s values.

» Hydrogen Park South Australia, 1.25 MW PEM (-33.3 %): The small Australian plant reports 15 L of
ultrapure water per kg; Hasim’s default of 10 L/kg can be raised to the plant value (the design basis
accepts 9-20 L/kg).

Planned model improvements

Tabulated power curves for vendor turbines in the Component library, so that turbines whose power
rises faster than the generic cubic curve — such as those of alpha ventus — are modelled with their
own curve; stack-specific durability data from the vendors; the temperature dependence of the
membrane and diaphragm permeabilities, a pressure-dependent carry-over factor of the lye-mixing
term and the shunt currents of alkaline stacks, once calibration-set sources with the respective data
are available; and a recombination catalyst option for PEM anodes.
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Not yet compared

« HOMER Pro run on identical inputs. HOMER is commercial software; this benchmark compares
Hasim with published HOMER results, whose weather data and some inputs are not fully
published. Next step: Run two or three reference cases in HOMER Pro with the hourly PV and
wind profiles exported from Hasim, so that both tools see the same weather.

« Plant data of alkaline and PEM plants at 10 MW and above. Large plants (Kuga, Baofeng,
FH2R, Puertollano) publish production but not their specific consumption. Next step: Add the data
when operators or projects publish them.

Extended benchmark (October 2026)

A second set of 43 published sources, assigned before reading to a calibration set and a validation set by a
seeded random draw, adds 148 comparisons. Validation set with Hasim 3.0.0: 38 of 96 agree within 5 %, 18
within 10 %. The calibration set led to the temperature dependence of the cell model (Hasim 2.2) and to the
three-part crossover model with the lye-mixing term (Hasim 2.3). All rows, sources and the verdicts are in
section 11 of the Validation Note (Help menu).

Domain TR R Calibration set . Validation set .
(agree/close/deviate) (agree/close/deviate)

PEM and AEM electrolysers 32 11(7/11/3) 21 (4/2/15)

Alkaline electrolysers 41 16 (5/1/10) 25 (5/5/15)

Minimum load, durability and 9 6(3/0/3) 3 (1/11/1)

reviews

Photovoltaics 7 3(2/1/0) 4 (1/1/2)

Compression and storage 11 3(2/011) 8 (1/4/3)

Water 4 1(1/0/0) 3 (2/0/1)

Power electronics 2 2(2/0/0) 0 (0/0/0)

Ammonia synthesis 6 2 (2/0/0) 4 (2/0/2)

LCOH and GHG intensity 29 2(1/0/1) 27 (22/4/1)

Integrated plant studies 7 6 (0/1/5) 1(0/1/0)

Total 148 52 (25/4/23) 96 (38/18/40)

Sources of the benchmark

1.

Stehly T, Duffy P, Mulas Hernando D. Cost of Wind Energy Review: 2024 Edition. NREL/PR-5000-91775, November 2024
(reference projects: land-based 8.01 m/s, k 2.0, total losses 18.8 %; fixed-bottom offshore 9.05 m/s, k 2.1, gross capacity
factor 58.0 %, losses 15.5 %, net 49.0 %). https://docs.nlr.gov/docs/fy250sti/91775.pdf

. Pettas V, Kretschmer M, Clifton A, Cheng PW. On the effects of inter-farm interactions at the offshore wind farm Alpha Ventus.

Wind Energ Sci 6 (2021) 1455-1472 (Table 2: Weibull k at FINO1, 101.5 m), doi:10.5194/wes-6-1455-2021.
https://doi.org/10.5194/wes-6-1455-2021

. Gaertner E, Rinker J, Sethuraman L et al. Definition of the IEA 15-Megawatt Offshore Reference Wind Turbine. NREL/TP-

5000-75698, 2020 (Table 1-1). https://docs.nlr.gov/docs/fy200sti/75698.pdf

. Scheepers F, Stahler M, Stahler A, Rauls E, Muller M, Carmo M, Lehnert W. Improving the efficiency of PEM electrolyzers

through membrane-specific pressure optimization. Energies 13 (2020) 612, doi:10.3390/en13030612.
https://doi.org/10.3390/en13030612

. Schmidt O, Gambhir A, Staffell |, Hawkes A, Nelson J, Few S. Future cost and performance of water electrolysis: An expert

elicitation study. Int J Hydrogen Energy 42 (2017) 30470-30492, doi:10.1016/j.ijhydene.2017.10.045 (Table 1).
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10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

https://doi.org/10.1016/j.ijhydene.2017.10.045

. Cummins Inc. HYLYZER-1000 PEM electrolyser, specification sheet 5676518 (2021): operating range 5-125 %.

https://www.cummins.com/sites/default/files/2021-08/cummins-hylyzer-1000-specsheet.pdf

. Nel Hydrogen. M Series containerised PEM electrolyser MC250/MC500, product data PD-0600-0136 Rev J: turndown range

10-100 %. https://nelhydrogen.com/wp-content/uploads/2021/01/MC-Series_PD-0600-0136-Rev-J.pdf

. Hubert M, Peterson D, Miller E, Vickers J, Mow R, Howe C. Clean Hydrogen Production Cost Scenarios with PEM

Electrolyzer Technology. US DOE Hydrogen Program Record 24005 (H2A-Lite, 2022 dollars), 2024.
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/24005-clean-hydrogen-production-cost-pem-
electrolyzer.pdf

. US DOE Hydrogen and Fuel Cell Technologies Office. Hydrogen Shot: Water Electrolysis Technology Assessment, December

2024 (Table 2). https://www.energy.gov/sites/default/files/2024-12/hydrogen-shot-water-electrolysis-technology-
assessment.pdf

US DOE Hydrogen and Fuel Cell Technologies Office. Technical Targets for Liquid Alkaline Electrolysis (2023, updated 2026).
https://www.energy.gov/eere/fuelcells/technical-targets-liquid-alkaline-electrolysis

US DOE Hydrogen and Fuel Cell Technologies Office. Technical Targets for High Temperature Electrolysis (2023, updated
2026). https://www.energy.gov/cmei/fuels/technical-targets-high-temperature-electrolysis

Schefold J, Brisse A, Poepke H. 23,000 h steam electrolysis with an electrolyte supported solid oxide cell. Int J Hydrogen
Energy 42 (2017) 13415, doi:10.1016/j.ijhydene.2017.01.072. https://doi.org/10.1016/j.ijhydene.2017.01.072
Casteel M, Westover TL, Shigrekar A et al. Ultra-high efficiency hydrogen production using a large-scale solid oxide

electrolysis cell system. Int J Hydrogen Energy 157 (2025) 150283, doi:10.1016/j.ijhydene.2025.150283.
https://doi.org/10.1016/j.ijhydene.2025.150283

Enapter AG. AEM Electrolyser EL 4.1 (ELE41-DTS-COMO02 rev03) and AEM Nexus 1000 (AEMNexus1000-DTS-COMO02
rev08) data sheets — rated consumption; the cell resistance of the Hasim AEM preset is derived from these ratings.
https://enapter.com/wp-content/uploads/2025/05/Enapter_Datasheet EL41_EN.pdf

ANIONE - Anion Exchange Membrane Electrolysis for Renewable Hydrogen Production on a Wide-Scale (GA 875024),
periodic report 3 (2 kW prototype, TRL 4). CORDIS, European Commission.
https://cordis.europa.eu/project/id/875024/reporting

Kopp M, Coleman D, Stiller C, Scheffer K, Aichinger J, Scheppat B. Energiepark Mainz: Technical and economic analysis of
the worldwide largest Power-to-Gas plant with PEM electrolysis. Int J Hydrogen Energy 42 (2017) 13311-13320,
doi:10.1016/j.ijhydene.2016.12.145. https://doi.org/10.1016/j.ijhydene.2016.12.145

HyBalance (GA 671384), periodic report 2019-04 to 2020-09. CORDIS, European Commission.
https://cordis.europa.eu/project/id/671384/reporting

@degard A (SINTEF). REFHYNE — 10 MW PEM electrolyser. Clean Hydrogen Partnership, Hydrogen Research & Innovation
Days, 24—-25 Nov 2025. https://www.clean-hydrogen.europa.eu/document/download/4d0c2927-da90-43ce-bba0-
¢c528c0f474b0_en?filename=05_Day1_Session_1_H2Production_AndersOdegard_public.pdf

Sprik S et al. Hydrogen Production, Grid Integration, and Scaling for the Future (1.25 MW PEM system, initial power-hold and
polarisation tests). US DOE Hydrogen Program Annual Merit Review 2024, project TA064, NREL/PR-5700-89514; Leighton
D, DOE H2IQ Hour, 25 Jul 2024. https://docs.nlr.gov/docs/fy240sti/89514.pdf

Peterson D, Vickers J, DeSantis D. Hydrogen Production Cost From PEM Electrolysis — 2019. US DOE Hydrogen and Fuel
Cells Program Record 19009 (H2A v3.2018, 2016 dollars).
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/19009_h2_production_cost_pem_electrolysis_2019.pdf
Clean Hydrogen Partnership. Strategic Research and Innovation Agenda 2021-2027, Annex 2: state of the art and targets for
AEL, PEMEL, SOEL and AEMEL (Tables 2-5), 2022. https://www.clean-hydrogen.europa.eu/knowledge-
management/strategy-map-and-key-performance-indicators/clean-hydrogen-ju-sria-key-performance-indicators-kpis_en

IRENA. Green Hydrogen Cost Reduction: Scaling up Electrolysers to Meet the 1.5 °C Climate Goal. Abu Dhabi, 2020 (Table
ES1). https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Dec/IRENA_Green_hydrogen_cost_2020.pdf
Miller HA et al. Green hydrogen from anion exchange membrane water electrolysis: a review of recent developments in critical
materials and operating conditions. Sustainable Energy Fuels 4 (2020) 2114, doi:10.1039/C9SE01240K (Table 1).
https://doi.org/10.1039/C9SE01240K

Pdyhonen S et al. Energy 322 (2025) 135602 — model of a 1 MW atmospheric alkaline electrolysis plant fitted to plant data,
doi:10.1016/j.energy.2025.135602. https://doi.org/10.1016/j.energy.2025.135602
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25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

LONGIi Hydrogen. ALK Hi1 and Hi1 Plus product launch (17 Feb 2023) — stack DC consumption measured per GB/T 32311-
2015, witnessed by DNV. https://www.longi.com/us/news/hydrogen-alk-hi1-product-launch/

GrinHy2.0 — Green Industrial Hydrogen via steam electrolysis (GA 826350), periodic reports. CORDIS, European
Commission. https://cordis.europa.eu/project/id/826350/reporting

Mougin J et al. MultiPLHY: 2.6 MW solid-oxide electrolyser — factory acceptance tests and stack durability. Int J Hydrogen
Energy 141 (2025) 1165, doi:10.1016/j.ijhydene.2025.02.070. https://doi.org/10.1016/j.ijhydene.2025.02.070

Fang Q, Frey CE, Menzler NH, Blum L. Electrochemical performance and preliminary post-mortem analysis of a solid oxide
cell stack with 20,000 h of operation. J Electrochem Soc 165 (2018) F38, doi:10.1149/2.0541802jes.
https://doi.org/10.1149/2.0541802jes

NREL. Annual Technology Baseline 2024 — Utility-scale PV (reV/SAM, single-axis tracking, inverter loading ratio 1.34).
https://atb.nrel.gov/electricity/2024/utility-scale_pv

Bolinger M, Seel J. Utility-Scale Solar, 2018 Edition. Lawrence Berkeley National Laboratory (Section 2.4). https://eta-
publications.Ibl.gov/sites/default/files/Ibnl_utility_scale_solar_2018_edition_report.pdf

Ascencio-Vasquez J, Osorio-Aravena JC, Brecl K, Mufoz-Cerén E, Topi¢ M. Typical Daily Profiles, a novel approach for
photovoltaics performance assessment: Case study on large-scale systems in Chile. Solar Energy 225 (2021) 357-374,
doi:10.1016/j.solener.2021.07.007. https://doi.org/10.1016/j.solener.2021.07.007

Kumar BS, Sudhakar K. Performance evaluation of 10 MW grid connected solar photovoltaic power plant in India. Energy
Reports 1 (2015) 184-192, doi:10.1016/j.egyr.2015.10.001. https://doi.org/10.1016/j.egyr.2015.10.001

Kunaifi K, Reinders A, Lindig S, Jaeger M, Moser D. Operational performance and degradation of PV systems consisting of
six technologies in three climates. Appl Sci 10 (2020) 5412, doi:10.3390/app10165412. https://doi.org/10.3390/app10165412

Fraunhofer ISE. Recent Facts about Photovoltaics in Germany (2026), Section 16.
https://www.ise.fraunhofer.de/content/dam/ise/en/documents/publications/studies/recent-facts-about-photovoltaics-in-
germany.pdf

Turkdogan S. Design and optimization of a solely renewable based hybrid energy system for residential electrical load and
fuel cell electric vehicle. Eng Sci Technol Int J 24 (2021) 397—-404, doi:10.1016/j.jestch.2020.08.017.
https://doi.org/10.1016/j.jestch.2020.08.017

Ali MF, Azam ME, Shezan SA et al. Techno-economic feasibility study of hydrogen storage in enhancing the reliability of a

renewable-based microgrid for residential applications (electrolyser at a constant 80 % HHV). Sci Rep 15 (2025) 43473,
doi:10.1038/s41598-025-28383-x. https://doi.org/10.1038/s41598-025-28383-x

Rizk-Allah RM, Hassan IA, Snasel V, Hassanien AE. An optimal standalone wind-photovoltaic power plant system for green
hydrogen generation: Case study for hydrogen refueling station. Results Eng 22 (2024) 102234,
doi:10.1016/j.rineng.2024.102234. https://doi.org/10.1016/j.rineng.2024.102234

Wiser R, Bolinger M et al. Land-Based Wind Market Report, 2022, 2023 and 2024 editions (executive summaries). US DOE /
Lawrence Berkeley National Laboratory. https://emp.Ibl.gov/wind-technologies-market-report
Stiftung OFFSHORE-WINDENERGIE. alpha ventus — operating results. https://www.offshore-stiftung.de/en/alpha-ventus.php

alpha ventus — Technik: Senvion 5M (126 m rotor, cut-in / rated / cut-out 3.5/ 13 / 30 m/s) and Adwen AD 5-116 (116 m rotor,
3.5/12.5/ 25 m/s). https://www.alpha-ventus.de/technik

Gardiner M. Energy requirements for hydrogen gas compression and liquefaction as related to vehicle storage needs. US
DOE Hydrogen Program Record 9013, 2009.
https://www.hydrogen.energy.gov/pdfs/9013_energy_requirements_for_hydrogen_gas_compression.pdf

US DOE Fuel Cell Technologies Office. Multi-Year Research, Development and Demonstration Plan — Hydrogen Delivery,
2015 (Table 3.2.4). https://www.energy.gov/sites/prod/files/2015/08/f25/fcto_myrdd_delivery.pdf

Genovese M, Blekhman D, Dray M, Fragiacomo P. Multi-year energy performance data for an electrolysis-based hydrogen
refueling station. Int J Hydrogen Energy 52 (2024) 688-704, doi:10.1016/j.ijhydene.2023.04.084.
https://doi.org/10.1016/j.ijhydene.2023.04.084

Arup. Water for Hydrogen — technical paper for DCCEEW and the Australian Hydrogen Council, November 2022 (Table E-3).
https://aidc.org.au/wp-content/uploads/2023/02/221114-Arup-Technical-paper-Water-for-Hydrogen-report-FINAL.pdf
Australian Gas Infrastructure Group. Hydrogen Park South Australia — plant metrics (September 2024).
https://www.agig.com.au/hydrogen-park-south-australia

Bolard J et al. Clean Energy Technology Observatory: Water Electrolysis and Hydrogen in the European Union — 2024 Status

Report on Technology Development, Trends, Value Chains and Markets. JRC139364, EUR 40075, doi:10.2760/0461008.
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC139364/JRC139364_01.pdf
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47.

48.

49.

50.

51.

52.

IEA. Renewable Hydrogen from Oman. Paris, 2023 (Figures 2.4 and 2.5). https://www.iea.org/reports/renewable-hydrogen-
from-oman

Virah-Sawmy D, Beck FJ, Sturmberg B. Ignore variability, overestimate hydrogen production — quantifying the effects of
electrolyzer efficiency curves. Int J Hydrogen Energy 72 (2024) 49-59, doi:10.1016/j.ijhydene.2024.05.360.
https://doi.org/10.1016/j.ijhydene.2024.05.360

Vargas-Salgado C et al. Validation of HOMER and SAM against a monitored rooftop PV system in Valencia. Sustainable
Energy Technol Assess 69 (2024) 103896, doi:10.1016/j.seta.2024.103896. https://doi.org/10.1016/j.seta.2024.103896
Komrit S, Zabihian F. Comparative analyses of solar photovoltaic, wind turbine, and solar photovoltaic and wind turbine hybrid

systems: Case study of Thailand. Energy Convers Manage 293 (2023) 117479, doi:10.1016/j.enconman.2023.117479.
https://doi.org/10.1016/j.enconman.2023.117479

Theristis M et al. Blind photovoltaic modeling intercomparison. Prog Photovolt 31 (2023) 1144-1157, doi:10.1002/pip.3729.
https://doi.org/10.1002/pip.3729

Abuyahya A, Feilat EA, Abuzayed A. Optimal Hybrid Energy System Sizing for Green Hydrogen Production: Scenario-Based
Techno-Economic Approach. Hydrogen 7 (2026) 12, doi:10.3390/hydrogen7010012. https://www.mdpi.com/2673-4141/7/1/12
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13 Modelling assumptions and limitations

» Hasim provides concept and pre-FEED level engineering. Results must be reviewed by qualified
engineers; applicable codes, standards and certified tools take precedence.

» The weather is a synthetic typical year scaled to the site’s annual GHI, mean wind speed and Weibull
shape factor. Bankable energy yields require measured multi-year data.

« Wind turbines use a generic power curve between the cut-in and the rated wind speed. For turbines
whose measured power curve rises faster below rated than the generic curve — typically older turbines
with a high rated wind speed — the yield is underestimated (section 12.2); the loss allowance of the
library turbines is the NREL reference value.

» Technology presets reflect published status values (US DOE technical targets, Clean Hydrogen
Partnership); the durability of a specific stack — degradation rate and stack life — should be taken from
the vendor and entered in the Component library.

» Costs are indicative values from the manuals and the component library; replace them with project
quotations.

» The impact assessment is a screening assessment for comparing designs and components.
Employment factors, embodied emissions and land use are typical published values (section 9.4) scaled
with the size or cost of the equipment; they do not replace a life-cycle assessment to ISO 14040/14044,
a socio-economic study or the environmental and safety permitting of the project. Seveso lll tiers use
the summation rule of Annex | for hydrogen and ammonia; other dangerous substances on the site and
national implementations must be added.

» Cell model: LeRoy reversible voltage with Nernst term, symmetric Butler—Volmer kinetics with Arrhenius
temperature factors, ohmic ASR and a limiting-current term; crossover by diffusion, supersaturation and
lye mixing (section 4.3, Minimum load). SOEC: the heat for raising the steam and for operation below
the thermoneutral voltage is supplied electrically or as external heat (section 8.1).

» Stack ageing accrues per operating hour at any load, which is conservative for plants that run long at
part load; the replacement criterion is a 10 % voltage rise or the stated stack life (CM 6.6).

» Equipment sizing uses the simplified relations of the manuals (Souders—Brown separators, LMTD heat
exchangers, Weibull wind, etc.). Vessel walls use ASME VIII-1 with the allowable stress of SA-516 Gr
70 (138 MPa) — conservative for the Cr-Mo steels of high-pressure tubes; pipelines use ASME B31.12
option A.

» Safety distances are consequence estimates for a reference leak (CM 19) and screening values of the
NFPA 2 table; hazardous-area extents are screening values after IEC 60079-10-1. They do not replace
a quantitative risk assessment, the hazardous-area classification or the separation-distance codes in
force at the site.

» The RFNBO check covers the GHG intensity with hourly and monthly correlation. Additionality,
geographic correlation and the rules for grid electricity counted as renewable (Delegated Regulation
(EU) 2023/1184) must be verified with the PPA and the certification scheme.

« Scaling indices: the gypsum saturation uses the Davies activity model, valid to an ionic strength of about
0.5 mol/L; for seawater concentrates it is reported as “n/a”. The Langelier index is indicative above
about 10 g/L, where the Stiff & Davis index applies.
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14 Copyright, licence and support

© 2026 Prof. Hani Muhsen. All rights reserved. Hasim, its source code, equation library, drawing
generators, user interface, documentation and examples are the intellectual property of Prof. Hani Muhsen,
owner and developer of Hasim, and are protected by copyright and international treaties. The software is
licensed, not sold, under the Hasim End-User Licence Agreement (EULA.txt in every package and on the
website). Unauthorised copying, modification, reverse engineering or distribution, and the removal of
copyright notices, watermarks or licence checks, are prohibited.

Licensed drawings and reports carry the licensee name in the title block. Evaluation and viewer outputs
carry a watermark and may not be used commercially.
)
Support
Help » User guide in the program - this manual and the Model-Building Examples - technical support:
support@hasim-software.com - quotations and licences for organisations: sales@hasim-software.com
(Help » About shows both) - licence keys can be retrieved on the Hasim website - Hasim bought in
the Microsoft Store belongs to your Microsoft account (account.microsoft.com).
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