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1. Introduction

Within the framework of the HyWays project, workchages WP1 and WP2 present the energy
chains selected for the timeframe 2020, 2030 aixd 2§ the ten involved member states: Finland,
France, Greece, Germany, Italy, Norway, the Nedineld, Poland, Spain and the United Kingdom.
In this report, the selected chains for Italy dederated.

The WP1/WP2 objectives are:
- To propose a set of chains for each country whase @ahd hypothesis will be transmitted to
the WP3,
- To calculate for each chain the energy efficienciee GHG emissions and the levelized
Ccosts.

The selection of these chains,(Broduction, infrastructure of supply and end usehmhologies)
were performed according to:

- The considered timeframe,

- The specificities of each country (politic, geodray...), and

- The available and projected technologies and itriraRire.

This report:
- Presents the selected chains for Italy, describgdmieans of schemes including the
processes used and their links,
- Provides the results obtained from the calculatiofisthese chains. For comparison
purposes, the presentation of results has beewliegraphically.

The simulation of the chains was performed using EB-database tool developed by L-B-
Systemtechnik (LBST, Germany). Most of the datadusethe tool has been issued from the
EUCAR/CONCAWE/JRC study and the GEMIS databaset &fathe data has been adapted or
created to represent the specific infrastructurdtaly. To ensure uniformity within the different
Member States, all defined production processdsimihe database have remained unchanged.

CEA 6/55
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2. Methodology

During several workshops organized in ltaly, whesgerts from the industry and research
institutes attended, a number of hydrogen prodoctamd utilization) chains were selected. This
selection took place based on the specific infuastire and natural resources of this Member State.

The selected chains were subsequently modelled tissnE3-database tool of LBST. With this tool
the GHG emissions, the energy requirements ancales of the supply of transportation fuel,
electricity and heat were estimated.

As a time horizon, the years 2020, 2030 and 205@ welected. Reason of doing so is that it can be
expected that in 2020 fuel cell vehicles as weltres different hydrogen generation technologies
will be commercially available. The years 2030 &0%0 were added for long term processes not
available in 2020.

The basis of the database is a common file crdetedthe interview of the industrial partners and
the member state representatives. This data wagpioi@ted into the database after being validated.
The processes used in E3-database for the catmulafithe hydrogen energy pathways are also
available in a spreadsheet bearing the name offiritdogy fact sheet". This is an EXCEL-based
spreadsheet where all inputs and outputs of thabdae are presented, including the used
references to come to these values.

All calculations performed within the E3-database based on the lower heating value (LHV) of
the main sources. Most of the processes already baen used in the CONCAWE/EUCAR/JRC
study. Newly introduced processes are:

- Processes where G©@apture and storage is embodied,

- Processes which describe stationary hydrogen i@l cells, and

- Gas engines and gas turbines.

For the Hydrogen pathways selected in Italy, thi®efong new processes were introduced:
- GH2/ Solar/ Thermo chemical cycles (Sulphur-lodjne)
- Power Station / Mix Italy 2020 (Electric mix in lye.

The calculation rules used within the E3-databasgeesented in 7.

CEA 7/55
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3. Chains Selection

3.1.Possible chains

There are many ways of grouping possible hydrogenlyztion and utilization chains. A first
approach is performed with the used feedstock hasés. Next, depending on the location of a
production plant (central or de-central) on thedoiciion process and end users, a large matrix of
possible hydrogen pathways could be created. Fremp, lif the possibility of capturing Carbon as
an abatement technique is also considered, the enohipossible chains almost double.

In this study the following approach was used:

Firstly, the possible chains were grouped by femtkstAs possible feedstock’s were identified:

- Natural gas

- Oil residues

- Coal

- Electricity

- Nuclear, solar and wind power

- Hydroelectric power

- Biomass

- Other
Under category “Other” are included: waste, hydroge by-product and imported liquefied
hydrogen. Although “hydrogen as by-product” is aofeedstock as such, but in fact a production
process, it is included as a feedstock becausaibe treated as a “ready-for-use” product.

Secondly, the hydrogen production chains were gdupy the used production process with a
distinction between central and de-central proces$ée identified production processes were
Steam Methane Reforming (SMR), gasification anatedysis. Some other feedstock depending
processes as High Temperature Thermo-chemical,oRological and fermentation are also
possible, although still under development.

Thirdly, two types of hydrogen usage were identifia filling station (FS) for all kind of vehicles
and the stationary use of hydrogen (STU), thedastbeing either domestic or industrial.

Finally, the way hydrogen could be delivered waduded: compressed gas (C&tbr liquefied
(LHy).

Based on these subsystems, a selection of mosalgeobydrogen supply chains can be performed,
depending on the specific Member State infrastrecamd availability of main resources.

CEA 8/55
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3.2.Chain Selection for Italy

There are two kinds of parameters that may affextcalculation of a specific hydrogen chain for a
Member State: Infrastructure distances and Memtage $elated costs of main resources.
Moreover, depending on the considered chain, t@hspeans and distances may vary.

Most probable hydrogen production and consumptibains were selected for the main fuel
sources of natural gas, biomass, waste, coal,,sjaproduct and electricity (Italy mix, wind
power). This selection was performed during a cewyl workshops held between field experts,
energy utilities and researchers. The choice waedan availability of a natural gas (NG)
infrastructure, availability of other (renewablegsources and specific national infrastructure
distances. Table 1 compiles all developed chainidty.

Table 1.  Overview of the hydrogen chains considered

NG X
Coal
Oil residues -
Feedstock Electricity*
Biomass
Waste

By-product

X

Filling-station (FC or ICE)
Filling station (liquid H)
CHP (FC)

CHP (ICE) -
Heating boiler

Combination CHP (FC) and heati
boiler

CCGT X

X X|X| X|X|X|X

Distribution

>
xQ

For Italy, eight hydrogen chains were selectetedtls to 15 sub-chains, 10 for mobile applications
and 5 for stationary applications. The selectednshare presented inTable 2.

! Both electricity from wind power and the Spanisix eliectricity are considered.
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Table 2.  Selected Italian Chains for the Hydrogathway
N° Feedstock Production Process| Transport CO, G.as./ Application
seq. | Liquid

1 | 1-A-0 | NG (pipeline) On Site SMR Glgipeline | No | Gas Car FS
2-A-0 | NG (pipeline) Central SMR Ghpipeline | Yes| Gas Car FS
2-A-B | NG (pipeline) Central SMR - Yes Gas Poweat®in
2-B-0 | NG (pipeline) Central SMR LHruck Yes | Liquid | Car FS

2 [3-A-0 | Biomass On Site Gasification @pipeline | No | Gas Car FS
3-A-B | Biomass On Site Gasificationn  Gpipeline | No | Gas FC CHP

3 |3-B-0 | Waste On Site Gasificationn  Gpipeline | No | Gas Car FS
3-B-B | Waste On Site Gasification  Gpipeline | No | Gas FC CHP

4 |4-A-0 | Coal Gasification Ghpipeline | Yes| Gas Car FS
4-B Coal Gasification Ghpipeline | Yes| Gas Power Station

5 [5-A-0 | Mix Electricity | On Site Electrolysis| Glgipeline [ No | Gas Car FS

6 |6-A-0 | Wind Power On Site Electrolysis|  @plpeline | No | Gas Car FS
6-A-B | Wind Power On Site Electrolysis| Gpipeline | No | Gas FC CHP

7 | 7-A-0 | Solar Thermal conversion| Gpipeline [ No | Gas Car FS
7-A-B | Solar Thermal conversion| GHipeline | No | Gas FC CHP

8 [8-A-0 | By-product - No Car FS

In the following section, these hydrogen productml utilization chains are presented one by one.

CEA
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4. Selected Chains

In the following paragraphs, the seven selecteddgeh chains for Italy and their variants are
presented. The chains presented are all chairtatasl $n Table 2.

First, all hydrogen chains for mobile applicatiare developed, ordered by the feedstock used.
All hydrogen chains for stationary use follow thefeer.

4.1.Chain 1-A-0 Natural Gas (pipeline), On-site SMR, no CCS, GH; pipelines; use:
car filling station

Description
Natural gas extracted and processed in NG prodraartries is transported into the Italian gas

network (1000 km distance) and becomes distribtdeth on-site SMR (250 km distance at high
pressure + 10 km distance at medium pressure, erag®). The produced hydrogen becomes
subsequently distributed to the filling station.

Electricity required at the SMR plant and the ffidjistation is obtained from Italian mix at low-
voltage level.

Mechanical
work

Mechanical work

NG

CGH,

! Electricity

Figure 1. Modelled hydrogen chain for NG (pipelimgdh on-site SMR and no CCS, for use in FS

For description of the processes used for the maidilis chain, see sections indicated below:

- Natural gas processing and extraction A.l
- Natural gas transport pipelines A.2
- Electricity production Al

- Electricity transport A.2

- Hydrogen production from natural gas A.3
- Filling station A5
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4.2.Chain 2-A-0 Natural Gas pipeline, Central SMR with CCS, GH; pipelines; use:
car filling station

Description
Natural gas extracted and processed in NG prodraartries is transported into the Italian gas

network (1000 km distance) and becomes distribtiied central point (250 km distance, on
average). A SMR located at that point produces dgein, which becomes subsequently
distributed to the filling stations. Therefore, thgdrogen grid consists of a large pipeline
(50 km) with a throughput of 240 GWh;hber pipeline and year and some smaller pipelines
(5 km) with a throughput of 8 GWhzHber pipeline and year.

The central SMR separates the produced, @bich becomes subsequently stored in old gas/oil
fields after transport (50 km distance, on average)

The filling station requires electricity, which cesifrom the Italian mix.

cOo2
transport
(50 km)

Mechanical
work

Mechanical work

CGH,

CGH,
filling station

A

Electricity

Figure 2. Modelled hydrogen chain for NG (pipelimédh central SMR with CCS, for use in FS

For description of the processes used for the mafiddlis chain, see sections indicated below:

- Natural gas processing and extraction Al
- Natural gas transport pipelines A.2
- Electricity production Al

- Electricity transport A2

- Hydrogen production from natural gas A.3
- Filling station A5
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4.3.Chain 2-A-B Natural Gas pipeline, Central SMR with CCS; use: CCGT

Description
Natural gas extracted and processed in NG prodiaartries is transported into the Italian gas

network (1000 km distance) and becomes distribtied central point (250 km distance, on
average). A SMR located at that point produces duyein, which becomes subsequently
distributed to the Power Station CCGT (Combined I€yGas Turbine) which delivers
electricity.

The central SMR separates the produced, @bich becomes subsequently stored in old gas/oil
fields after transport (50 km distance, on average)

co2
transport
(50 km)

Mechanical

Mechanical work
work

SMR
(Foster
Wheeler)

Electricity

cceT |l >

Figure 3. Modelled hydrogen chain for NG (pipelimédh central SMR with CCS, for use in CCGT

For description of the processes used for the maiddlis chain, see sections indicated below:

- Natural gas processing and extraction Al
- Natural gas transport pipelines A.2
- Hydrogen production from natural gas A.3
- Power Station CCGT A5
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4.4.Chain 2-B-0 Natural Gas pipeline, Central SMR with CCS, LH, trucks; use: car
filling station

Description
Natural gas extracted and processed in NG prodraartries is transported into the Italian gas

network (1000 km distance) and becomes distribtiied central point (250 km distance, on
average). A SMR located at that point produces dgein, which becomes subsequently
distributed to the filling stations. Gaseous hya@nogroduced by this plant is liquefied and then
transported by truck on 150 km.

The central SMR separates the produced, @bich becomes subsequently stored in old gas/oil
fields after transport (50 km distance, on average)

Electricity required at the liquefaction plant istained from Italian mix at a high-voltage level,
whereas electricity required at the filling statismequired at low-voltage level.

co2
transport
(50 km)

Mechanical
work

Mechanical work

CGH,

LH2
filling station

A
i
i

Electricity

| Electricity

Figure 4. Modelled hydrogen chain for NG (pipelimédh central SMR with CCS, for use in FS

For description of the processes used for the maidiblis chain, see sections indicated below:

- Natural gas processing and extraction A.l
- Natural gas transport pipelines A.2

- Electricity production Al

- Electricity transport A.2

- Hydrogen production from natural gas A3
- Filling station A5

- Liquefaction of hydrogen A3

- Transport of liquefied hydrogen A4

CEA 14/55
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4.5.Chain 3-A-0 Biomass, On-site Gasification, no CCS; use: car filling station

Description
Italian residual wood is chipped and transporte@ ) tons truck over 50 km to the gasification

plant. The electricity needed in the gasificatidanp is provided by a biomass power plant
located near the gasification plant. Once the bgsies been gasified and the gaseous hydrogen
has been separated from the syngas, the A&lktansported to the filling stations through a
pipeline grid consisting of some small pipelinesk() with a throughput of 8 GWh JHoer
pipeline and year.

The wood chipping process uses also diesel fuethierconversion of energy into mechanical

work.
-
iEIectricity
Residual
wood

CGH,
CGH, (—»p

filling station

A
Electricity

o Electricity Electricity Electricity

O distribution [+ > distribution [~ distribution

Electricity |(110-380kV) | Electricity | (10-20KV) | Electricity (0.4 kV)
Figure 5. Modelled hydrogen chain for Biomass geeiiion, for use in filling stations

For description of the processes used for the maididlis chain, see sections indicated below:

- Biomass provision Al
- Biomass chipping A.6
- Biomass transport A.2
- Electricity provision Al

- Electricity transport A2

- Hydrogen production from biomass A.3
- Hydrogen transport by pipeline A4
- Filling station A5

- Biomass power plant A.6
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4.6.Chain 3-A-B Biomass, On-site Gasification, no CCS; use: FC CHP

Description
Italian residual wood is chipped and transporte@ @) tons truck over 50 km to the gasification

plant. The electricity needed in the gasificatidanp is provided by a biomass power plant
located near the gasification plant. Once the bgmieas been gasified and the gaseous hydrogen
has been separated from the syngas, the Jd&kHansported to the combined heat and power
fuel cell (FC CHP) through a pipeline grid consigtiof some small pipelines (5 km) with a
throughput of 8 GWh Hper pipeline and year. The FC CHP follow the h#sinand of the
users. In the case that the heat demand is coverx@®, electricity will on average be produced
than the users require. At those moments, somérielgcgeneration elsewhere will be avoided.
This process is accounted in the model as "credit".

The wood chipping process uses also diesel fueth@rconversion of energy into mechanical

-M'

work.

-

Electricity

Diesel

Residual
wood

H, FC CHP
Heat +
Electricity
““““““““““““““““; Electricity
o Electricity Electricity Electricity
E,{‘j‘;(‘ﬁ'f;g —————————————— distribution -~ distribution - distribution
Electricity [(210-8380KV) | Electricity | _(10:20KV) | Electricity (0.4 kV)
Figure 6. Modelled hydrogen chain for Biomass dgeation, for use in FC CHP

For description of the processes used for the maididlis chain, see sections indicated below:

- Biomass provision Al
- Biomass chipping A.6
- Biomass transport A.2
- Electricity provision A.l

- Electricity transport A.2

- Hydrogen production from biomass A.3
- Hydrogen transport by pipeline A4
- FCCHP A5

- Biomass power plant A.6
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4.7.Chain 3-B-0 Municipal Waste, On-site Gasification, no CCS; use: car filling
station

Description
Italian municipal waste is transformed into &&t a gasification plant using electricity produced

by waste burning. The GHis transported to the filling stations throughipetine grid consisting
of some small pipelines (5 km) with a throughpu8d@Wh H per pipeline and year.

Electricity required at the filling station is obtad from Italian mix at low-voltage level.

- -
—

Electricity

Waste

GH2

Electricity Electricity Electricity

CGH2 CGH2
__________ - filling —>
station

Figure 7. Modelled hydrogen chain for Municipal Wagasification, for use in filling stations

For description of the processes used for the mafiddlis chain, see sections indicated below:

- Electricity provision Al
- Electricity transport A2
- Hydrogen production from waste A.3
- Hydrogen transport by pipeline A4
- Filling station A5
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4.8.Chain 3-B-B Municipal Waste, On-site Gasification, no CCS; use: FC CHP

Description
Italian municipal waste is transformed into &&t a gasification plant using electricity produced

by waste burning. The GHs transported to the combined heat and powerdekl(FC CHP)
through a pipeline grid consisting of some smatlepines (5 km) with a throughput of 8 GWh
H, per pipeline and year. The FC CHP follow the leEahand of the users. In the case that the
heat demand is covered, more electricity will oerage be produced than the users require. At
those moments, some electricity generation elseawvdl be avoided. This process is accounted
in the model as "credit".

&-

Electricity |
Waste 4*—\ GL2 -
Gasification
B
Electricity Electricity Electricity
» FCCHP
---------------- T Heat +
Electricy
Heat and
Electricity for
households

Figure 8. Modelled hydrogen chain for Municipal WWagasification, for use in FC CHP

For description of the processes used for the maiddlis chain, see sections indicated below:

- Electricity provision Al
- Electricity transport A2
- Hydrogen production from waste A.3
- Hydrogen transport by pipeline A4
- FCCHP A5
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4.9.Chain 4-A-0 Hard Coal, Gasification with CCS, GH,, pipeline; use: car filling
station

Description
In this hydrogen chain, hydrogen is generated asfgation of hard coal with C{rapture and

sequestration. The characteristics of the hard used are derived from the EU hard coal mix.
The supply of CGHl to the filling stations is performed through a logken pipeline grid.
Therefore, the hydrogen grid consists of a largelpie (50 km) with a throughput of 240 GWh
H, per pipeline and year and some smaller pipeliBds1() with a throughput of 8 GWhHper
pipeline and year.

Electricity required at the filling station is obtad from Italian mix at low-voltage level.

-M H2
H, H, CGH, CGH,
filling station

A

Electricity Electricity Electricity | Electricity

Figure 9. Modelled hydrogen chain for coal gastfamawith CCS, for use in filling stations

For description of the processes used for the maiddlis chain, see sections indicated below:

- Coal provision A.l
- Electricity production Al
- Electricity transport A.2
- Hydrogen production from coal A.3
- Hydrogen transport by pipeline A4
- Filling station A5
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4.10. Chain 4-B Hard Coal, Gasification with CCS, GH; pipeline; use: CCGT

Description

In this hydrogen chain, hydrogen is generated asfigation of hard coal with Crapture and
sequestration. The characteristics of the hard used are derived from the EU hard coal mix.
The CGH becomes subsequently distributed to the PowernSt&lICGT (Combined Cycle Gas

Turbine) which delivers electricity.

GH2
------ » Electricity

Figure 10. Modelled hydrogen chain for coal gaatiien with CCS, for use in Power Station CCGT

For description of the processes used for the maidlis chain, see sections indicated below:

- Coal provision A.l
- Hydrogen production from coal A.3
- Power Station CCGT A5
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4.11. Chain 5-A-0 Italian Mix Electricity, On Site Electrolysis, GH; pipeline; use:
car filling station

Description
Electricity coming from the Italian mix is distrited to an on site electrolysis plant. Gaseous

hydrogen produced by this plant feed the G@Hng station.

Electricity required at the electrolysis plant istained from Italian mix at a medium-voltage
level whereas electricity required at the fillintatsons is obtained from Italian mix at a low-
voltage level.

H,

filling station

A
n
'

Electricity Electricity Electricity | Electricity

Figure 11. Modelled hydrogen chain for Italian Nibectricity, On site electrolysis, Ghpipeline, for
use in filling stations

For description of the processes used for the maidilis chain, see sections indicated below:

- Electricity production Al
- Electricity transport A.2
- Hydrogen production through electrolysis A.3
- Filling station A5
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4.12. Chain 6-A-0 On shore wind power, on site electrolysis, GH, pipeline; use:
car filling station
Description

Electricity generated by on-shore wind turbineslistributed to an on site electrolysis plant.
Gaseous hydrogen produced by this plant feed thid,@itEing station.

Electricity required at the electrolysis plant istained from Italian mix at a medium-voltage
level whereas electricity required at the fillingatsons is obtained from Italian mix at a low-
voltage level.

Electr. ‘'---—
A 4 H v
Electrolysis ™ i CGH CGH,
1 2 '
(onsite) filling station

Figure 12. Modelled hydrogen chain for on-site etdgsis with on-shore wind turbines, for use in
filling stations

For description of the processes used for the maidilis chain, see sections indicated below:

- Electricity production Al
- Electricity transport A.2
- Hydrogen production A3
- Hydrogen transport by pipeline A4
- Filling Station A5
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4.13. Chain 6-A-B On shore wind power, on site electrolysis, GH; pipeline; use:
FC CHP
Description

Electricity generated by on-shore wind turbinedisdributed to an on site electrolysis plant.

The GH is transported to the combined heat and powerdekl(FC CHP) through a pipeline
grid consisting of some small pipelines (5 km) wattthroughput of 8 GWh Hper pipeline and
year. The FC CHP follow the heat demand of thesuderthe case that the heat demand is
covered, more electricity will on average be praduthan the users require. At those moments,
some electricity generation elsewhere will be agdidlhis process is accounted in the model as
"credit".

Electricity

i

FC CHP Heat and
Heat + Electricity
Electripity for households
Electricity '

Figure 13. Modelled hydrogen chain for on-site etdgsis with on-shore wind turbines, for use in FC

CHP
For description of the processes used for the maiddlis chain, see sections indicated below:
- Electricity production Al
- Electricity transport A.2
- Hydrogen production A.3
- Hydrogen transport by pipeline A4
- FCCHP A5
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4.14. Chain 7-A-0 Solar thermal, thermo chemical cycles (sulphur iodine), GH,
pipeline; use: car filling station

Description

The Thermal power is converted into heat whichdgsduto decompose,HO, to produce GH
(sulphur iodine cycle).

The supply of CGHl to the filling stations is performed through a lggken pipeline grid.
Therefore, the hydrogen grid consists of a largelpie (50 km) with a throughput of 240 GWh
H, per pipeline and year and some smaller pipeliBds1() with a throughput of 8 GWhHper
pipeline and year.

Electricity required at the filling station is obtad from Italian mix at low-voltage level.

Electricity

Solar H, H, H, — CGH,
Thermo-chemical fil tatg —>
cycle IS illing station

Figure 14. Modelled hydrogen chain for solar thdrrtteermo chemical cycles S/I, Gidipeline, for use
in filling stations

For description of the processes used for the mafiddlis chain, see sections indicated below:

- Electricity production Al
- Electricity transport A.2
- Hydrogen production A.3
- Hydrogen transport by pipeline A4
- Filling station A5
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4.15. Chain 7-A-B Solar thermal, thermo chemical cycles (sulphur iodine), GH;
pipeline; use: FC CHP

Description
The Thermal power is converted into heat whichdgsduto decompose,HO, to produce GH

(sulphur iodine cycle).

The GH is transported to the combined heat and powerdekl(FC CHP) through a pipeline
grid consisting of a large pipeline (50 km) witlirmoughput of 240 GWh Hper pipeline and
year and some smaller pipelines (5 km) with a tghput of 8 GWh H per pipeline and year.
The FC CHP follow the heat demand of the usershéncase that the heat demand is covered,
more electricity will on average be produced thla@ tisers require. At those moments, some
electricity generation elsewhere will be avoidedhisTprocess is accounted in the model as
"credit".

FC CHP Heat and

Solar
Thermo-chemical Heat + Electricity
cycle I/S Electricity for households

Figure 15. Modelled hydrogen chain for solar thdritteermo chemical cycles S/1, Gidipeline, for use
in FC CHP

For description of the processes used for the maididlis chain, see sections indicated below:

- Electricity production Al
- Electricity transport A.2
- Hydrogen production A3
- Hydrogen transport by pipeline A4
- FCCHP A5
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4.16. Chain 8-A-0 By-product, LH; truck; use: car filling station
Description

By-product hydrogen is generated by various typesdustrial processes e.g. in refineries.

Today the by-product hydrogen is used as fuellfersupply of process heat within the industry.
If the by-product is exported as product e.g. fgirogen vehicles within the industry additional

natural gas will be required for the supply of mes heat. Therefore the generation of by-
product hydrogen can be considered as a procebsnatural gas as input and hydrogen as
output and a conversion efficiency of 100%.

The produced hydrogen is liquefied and then trarieddy a LH truck on 150 km to the filling
stations.

Electricity required at the liquefaction plant istained from Italian mix at a high-voltage level,
whereas electricity required at the filling statisrrequired at low-voltage level.

-L
CGH,

LH2
filling station

Electricity

A

| Electricity

Figure 16. Modelled hydrogen chain for by-proddiot,use in filling stations

For description of the processes used for the maidiblis chain, see sections indicated below:

- Electricity provision Al
- Electricity transport A.2
- Hydrogen transport A4
- Filling station A5
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5. Results

5.1. Hypothesis required for calculations

The calculated costs (kWh of hydrogen for mobilpligations or kWh of heat + electricity for
stationary applications) are levelized for the ge@020, 2030 and 2050 according to the
calculation rules presented in 7. For Italy, a dist rate of 6% has been used.

In the following paragraphs, the results for molaled stationary applications are given for 1
provided kWh. For mobile applications, well-to-tafTT) analyses have been performed. For
stationary use, the analyses are of the type weltdtionary-use (WTStU).

5.2.Efficiencies: WTT and WTStU

The following figures show the efficiencies of a#flected hydrogen supply chains in accordance
to the following list:

Description of mobile supply chains

Chain 1-A-0 Natural Gas (pipeline), On-site SMR,G0S, GH pipelines; (2020)

Chain 2-A-0 Natural Gas pipeline, Central SMR wit6S, GH pipelines; (2020, 2030, 2050)
Chain 2-B-0 Natural Gas pipeline, Central SMR v@@S, LH trucks; (2020, 2030)

Chain 3-A-0 Biomass, On-site Gasification, no CC2820, 2030, 2050)

Chain 3-B-0 Municipal Waste, On-site Gasification,CCS; (2020, 2030, 2050)

Chain 4-A-0 Hard Coal, Gasification with CCS, gpipeline; (2030, 2050)

Chain 5-A-0 Italian Mix Electricity, On Site Eledlysis, GH pipeline; (2020)

Chain 6-A-0 On shore wind power, on site electnsly&H, pipeline; (2020, 2030, 2050)
Chain 7-A-0 Solar thermal, thermo chemical cyckgdghur iodine), Ghlpipeline; (2030, 2050)
Chain 8-A-0 By-product, LKtruck; (2020)

Description of stationary use of hydrogen supplgic

Chain 2-A-B Natural Gas pipeline, Central SMR wiiS; use: CCGT ; (2020, 2030, 2050)
Chain 3-A-B Biomass, On-site Gasification, no Case: FC CHP ; (2020, 2030, 2050)

Chain 3-B-B Municipal Waste, On-site Gasification, CCS; use: FC CHP ; (2020, 2030, 2050)
Chain 4-B Hard Coal, Gasification with CCS, gpipeline; use: CCGT; (2030, 2050)

Chain 6-A-B On shore wind power, on site electrsly&H, pipeline; use: FC CHP ; (2020,
2030, 2050)

Chain 7-A-B Solar thermal, thermo chemical cyckdghur iodine), Ghlpipeline; use: FC

CHP ; (2030, 2050)
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Figure 17 shows the efficiencies of the selecteminshfor the provision of hydrogen for mobile
end users.
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Figure 17. Efficiencies of selected mobile H2 sypiiains
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Figure 18 shows the efficiencies of the selectedrshfor the provision of hydrogen for
stationary end users.
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Figure 18. Efficiencies of selected slipply chains for stationary use
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5.3.Greenhouse Gas Emissions: WTT and WTStU

In 2020 there are six ways to produce hydrogenttfermobile applications : Steam Methane
Reforming (without CCS for on-site plant and wit&€ for central plant), Biomass gasification,
Waste, Electrolysis with mix electricity, Wind Powelectrolysis (on-shore) and By-product.
Figure 19 shows the Greenhouse Gas Emissions o$dleeted chains for the provision of
hydrogen for mobile end users.
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Figure 19. CQ@-equivalent emissions of mobile,ldupply chains in 2020
In 2020, since the Italian mix produces many GHt&, tise of electrolysis is worth only with

wind power (no emissions). On-site SMR has alsoyn@HG since the CCS is possible only for
central plants.
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In 2030 there are six ways to produce hydrogentifermobile applications : Steam Methane
Reforming (with CCS, central plant), Biomass gasiion, Waste, Coal gasification, Wind
Power electrolysis (on-shore) and Solar thermauie 20 shows the Greenhouse Gas Emissions
of the selected chains for the provision of hydrofge mobile end users.
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Figure 20. C@equivalent emissions of mobile, ldupply chains in 2030

In 2030, we have the fewest emissions for on-shane power electrolysis, then solar thermal
(emissions only due to the use of mix electricitythe filling station) and finally biomass
gasification.

We underline the fact that using hydrogen liquedscalmost double the emission for the central
SMR with CCS.
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In 2050 there are six ways to produce hydrogenttfermobile applications : Steam Methane
Reforming (with CCS, central plant), Biomass gasiion, Waste, Coal gasification, Wind
Power electrolysis (on-shore) and Solar thermauie 21 shows the Greenhouse Gas Emissions
of the selected chains for the provision of hydrofge mobile end users.
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Figure21. CQ-equivalent emissions of mobile,ldupply chains in 2050

In 2050, the emissions are similar to the one<DB02
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There are five ways to produce hydrogen for theastary applications : Central SMR with CCS
and GH pipelines and CCGT (2020, 2030, 2050), Biomassfigason and FC CHP (2020,
2030, 2050), Waste and FC CHP (2020, 2030, 20588 @asification and CCGT (2030, 2050),
Wind power and FC CHP (2020, 2030, 2050) and Silarmal and FC CHP (2030, 2050).
Figure 22 shows the Greenhouse Gas Emissions o$dleeted chains for the provision of
hydrogen for mobile end users.
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Figure 22. C@equivalent emissions of stationary use efsHpply chains

The coal gasification is the main GHG producer.

The negative GHG in the case of biomass gasifioafiespectively on-shore wind power and
solar thermal) can be explain by the fact that lsissn gasification produces few GHG
(respectively no GHG) and the FC produces somdraliég sold to the grid as a credit, which
avoids some GHG due to the mix.
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5.4.Costs: WTT and WTStU

In Figure 23 and Figure 24, the given costs areutatied in [€/kWh] hydrogen, delivered at 880
bar to provide a full pressure of 700 bar to théisle tank for mobile applications and
heat + electricity for stationary applications.
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Figure 23. Costs of selected mobile hydrogen sugiphins.
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Figure 24. Costs of selected stationary use hyraegpply chains.
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The use of by-product is the cheapest way.
We can clearly see the increase of NG, biomassCarad prices from 2020 to 2050. In 2050,
SMR is no more competitive with Biomass and coalfgation.

The efficiency of the chain 4-B is 24%. This values rather low, given the fact that a
thermal integration of the gasifier and the combind cycle gas turbine will yield a much
higher efficiency (e.g. between 36% and 47% [Chiesd005]). This decrease in coal use
would, however, only lead to a decrease of the sjfechydrogen production cost of between
6% and 9%.

6. Remarks

In this report a synthesis of the selected chamusdata for Italy has been performed. The tables
presented allow a synthetically overview of theichs made.

7. Calculation rules

Conversion factors for Greenhouse Gas Equivalents

For the conversion of the different greenhouse g&Se1G) to CQG-equivalents, the following
conversion factors have been used:

Table 3. Conversion factors [IPCC 2001]

Emission g CQ equivalent per g
CO, 1
CH, 23
N,O 296

Learning curves

Economic learning curves have been applied to tdolres that will be produced at large
numbers of units e.g. hydrogen filling stationssitaelectrolysers and onsite steam reformers.
The learning curve is defined by the following fariax

| =aN™
where:
I = Investment of the Runit
a = Investment of the™unit
N = Number of units
b = Parameter

The parameter b ranges between 0.1 and 0.3. In b@nature the so-called progress ratio (PR)
is indicated. The progress ratio is used to expgresgrogress of cost reductions for different
technologies. The cost reduction is (1-PR) for edmibling of cumulative production. The
progress ratio can be calculated by

PR=27"
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If the progress ratio (PR) is given, the investnarthe N" unit can be calculated by

In(PR)

| =a[N "

For the calculation of the fuel supply costs fa #verage investment per unit has to be
considered. This means that e.qg. if 10,000 hydrditjarg stations will be installed the
investment of the®ifilling station as well as the investment of thstlfilling stations influences
the fuel supply costs. Therefore for the cost datan in E3 database the average investment
has been used. The average investment can beatattbly integration of the formula for the
learning curve:

A=

where A = average investment of one unit. As altethe average investment is always higher
than the investment of théNunit.

Scaling by size

The investment for volume related technologies ¢intiast to surface related technologies e.g.
photovoltaics) like coal power stations but alssast reforming plants and hydrogen
liquefaction plants do not increase linearly witle size of the plants. The investment of a plant
with a size required here can be calculated by

07
2 — iy o
Cl

where
I = Investment of the plant with capacity C
I = Investment of the plant with capacity C
Ci = Capacity of plant 1
C = Capacity of plant 2

Levelized costs

Cost calculation for phase T1 (construction of the plant)

In this phase of the life cycle only capital expémees are considered. It is assumed that a plant
is built needing capital expenditures during itestouction time T1.

Ceery = Cyy = (Invesy,, [F) T1L0.5 [€]

where

Ccry = Capital costs during construction of the plant
Investiant=  INnvestment for the plant
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r= Interest rate
= Construction period in years

Cost calculation for phase T2 (operation of the plant)

Capital costs

The capital costs are levelized by assuming ecuatal expenditures for every year t in the
period T2.

r

CDI (t) = 1- (l+ r)—Tz Dnvesglam [€/yr]
where

Coiy = Captial expenditure in every year t

r= Interest rate

T2 = Economic lifetime of the plant in years
Invespiant=  INnvestment for the plant

Overhead costs

Con = Invest,,, [OH [€/yr]
where

Invespiant=  INnvestment for the plant

OH = Overhead coefficient.

Operating and maintenance costs

The operating and maintenance expenditures ingbetyare

Comq = Invest,,, [OM +C, [€/yr]

where

Comy = Operatin and maintenance costs
Invespiant=  INnvestment for the plant

OM = Maintenance coefficient

Clap= Labor costs in € per year

Energy and material costs

The processes are connected with upstream prooskgsssupply the inputs. The costs of the
inputs for a process are

Cey = Z Input OC, [P CAFLH, [€/yr]

where
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Input = Input of type i (e.g. natural gas, coal, etc.)

IC; = Consumption of input of type i (e.g. kWh/kWWYk/kg, kg/kWh, kg/kg,
tkm/kWh)

P= Process scale (e.g. in kwWh/h, kg/h, tkm/h)

AFLH; Equivalent full load period (annual full load hie

Levelized annual costs in period T
Cra =Coiy * Cony + Comp * Ceqy [€/yr]

Crp, =Gy 2 [€]

Cost calculation for phase T3 (dismantling of the plant)

For the costs for the dismantling a fixed amoumt loa defined:

Crs (€]

Levelized Costs
Then the levelized costs per unit are

Lec = Su*Cre * G [€/kWh], [€/kg], [€/tkm]
T20AFLH, (P

where:

LEC = Levelized costs

Use of specific costs for “processes” / plants

There are situations where it seems preferableirgctty input specific costs for a process
instead of calculating the costs using the detaitedd input information as described above.

Possible reasons are:
* The detailed economic data are not available.
« It seems preferable to use market prices for cedgaergies / materials /services e.g. the
market price for crude oil based gasoline and tliese
* The process scale of the process is some ordeaghitade bigger than the process scale
needed in the supply chain for the “Supply Scefiario

E3database also allows the direct input of specifists for a process as “total variable costs”
(e.g. electricity costs: 0.03 €/kWh).
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8. Description of processes

In this section all processes used in the modebihthe hydrogen supply chains using
the E3-database are presented. The processeoapedras follows:

- Extraction of feedstock’s

- Transport of feedstock’s to production facilities

- Hydrogen production

- Hydrogen transport

- Hydrogen usage

There are also other processes used that do remtlgimatch into the groups above.
Example of such a process is the required mecHawaoek used to compensate the
energy losses during pipeline transport. All thesecesses are grouped under the name
‘auxiliary’.

In the following paragraphs, only the processesl uis® the selected Italian chains are
described.

A.1 Availability of Feedstock’s

In this section the following feedstock's are cdastd:
- Natural gas
- Biomass
- Electricity
- Diesel
- Coal

Electricity is not a feedstock as such. Nevertlelags included here because it is used
as a feedstock from which hydrogen can be prodtlwedigh electrolysis.

Provision of Natural Gas

To be used, natural gas (NG) must be extracted;epeed and transported. NG is
imported through the EU natural gas mix transpgelme. Thereafter it is distributed
via the national, regional and local natural gaghpressure pipeline grids.

Processing is required because heavier hydrocarbodscontaminants such asSH
must be removed. The extraction and processingepsas require electricity and some
additional heat, which can be provided by burniogne NG in a heating plant.

The cost of the supply of natural gas has beemassio be 0.0284 €/kW in 2020,
0.0373 €/kWhyg in 2030 and 0.0640 €/kW in 2050 (WETO H2 study). The cost of
NG distribution via high-pressure pipeline has bassumed equal to 0.0004 EUR per
kWh of natural gas.
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Table 4. Input and output data for NG ExtractioRreécessing / GEMIS 4.1

1 /0 Value Units
NG source I 1.0242 [kWh/kwh]
NG O 1.0 [KWh]
Process scale - 10,000,000 [KW NG]
CH, emissions O 0.3 [g/kwh]
CO, emissions O 4.1 [g/kwh]
NO, emissions O 0.0162 [a/kWh]
Dust-particles emissions O 0.0009 [g/kwWh]
SO, emissions O 0.0044 [a/kWh]
NMVOC emissions O 0.0004; [o/kWh]
CO emissions O 0.004 [a/kwh]
Useful lifetime - 20 [yr]
Annual full load hours - 8,760 [h/yr]
Cost in 2020 - 0.0284 [€/kWh]
Cost in 2030 - 0.0373 [€/kWh]
Cost in 2050 - 0.0640 [€/kWh]

Provision of Biomass

Biomass may be issued from residual or farmed waddbe. residual wood and wood
plantation are chipped at the source and then poates] to the gasification plant by
trucks.

Residual Wood

Wood residues are generated in the process of tilmogesting and of thinning after
reforestation, in the timber processing industrgrgentry shops, furniture producers
etc.) and as wood waste e.g. from used furnituine. Wood is chipped at the source and
then transported to the gasification plant by trulike average transport distance for the
transport of the wood chips is assumed to be 50 km.

The diesel consumption for wood chipping is indéchwvith 0.3 to 0.5% of the energy
content (LHV) of the wood [Hartmann 1995].

The costs of biomass supply from residual wood euthiransport has been assumed to
be 0.0189 €/kWhiomassin 2020 and 0.022 €/kWomassin 2030 (WETO H2 study).

Provision of Electricity

The electricity may come from a European mix omfra national production mix.
Besides, electricity may be considered to comectdyrérom wind turbines.

Table 5 gives the repartition of the different sims of the European electricity mix
considered.
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Table 5. Electricity mix in 2020 for Italy and Eye.

Values used are kWh (1) per kwWh produced (O) kv#h/kWh .

Source 1 /0 Italy MD((lEg%;)S
Biomass and wastes I 0.081 0.1912
Brown Coal I 0.13 0.1956
Hard Coal I 0.13 0.5512
Fuel Oil (1.8%S) I 0.146 -
Geothermal I - 0.0016
Hydro I 0.142 0.1239
Mineral Oil I - 0.2397
NG I 1.164 0.3440
Nuclear I - 1.1354
Wind Power I 0.035 0.0044
Electricity O 1.0000 1.0000
Equivalent CQ emissions O 375 g/kWh 452 g/kWh

o] Equivalent CQ emissions in [g / kWh]; ex power plants accordim@EMIS
without the energy requirements and associatedsamss for the construction of the
plants

As a result of the national mix, the total inputpsimary energy is about 1.83 kWh per
kWh of delivered electricity leading to an eledtsicgeneration efficiency of about

54%. The GHG emissions for the Italian electrietty in 2020 are 375 [g / kWh] of

electricity delivered.

In the next table, the feedstock rate into eleityrigroduction is detailed.

Table 6.  Electricity mix in 2020 for Italy and Eye
Source share in EU-mix according to the used feell'st (%)

Source Italy MIXEU 15
(1999)

Biomass and wastes 4.4 6.90
Brown Coal 7.1 7.10
Hard Coal 7.1 19.90
Fuel Oil (1.8%S) 8 -
Geothermal - 0.10
Hydro 7.8 4.40
Mineral Oil - 8.70
NG 63.7 12.30
Nuclear - 40.50
Wind Power 1.9 0.20
Electricity 100.00 100.00
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Onshore wind power

The cost data of the wind turbine for 2004 has kiEmved from an Enercon model E-
66/ 20.70. The investment in Table 7 includesatttditional investment which has been
assumed to be 28% of the investment for the wirlgirte alone. The investment for the
Enercon wind turbine with a tower hight of 84 mimslicated with 1,785,000 EUR
[Windenergie 2004].

For 2020 and 2030 a learning curve has been asshassdl on the EWEA target for
the installed capacity in the EU (180 GW in 202@ &0 GW in 2030). In 2004 about
30 GW already has been installed in the EU 25. pitugress ratio for windpower
installations is indicated with 0.80 to 0.85. Fbe fcalculation a progress ratio of 0.85
has been assumed.

Table 7. Technical and economic data of the wimdihe (onshore)
2004 2020 2030

Capacity [MW] 2 2 2
Investment [EUR] 2,284,800 1,501,062 | 1,400,000”
Maintenance [% of investment] 1.5 1.5 1.5
Overhead [% of investment] 3.5 3.5 3.5
Useful lifetime [yr] 25 25 25
Equivalent full load period [h/yr] 2,100 2,100 2010

Yincl. additional costs (foundation, grid connentitc.)

Waste incineration

The characteristics of the waste incinerator atedi in the table bellow.

Table 8. Technical and economic data of the wasi@érator

Waste incinerator | /O Value Units
Waste I 9.3852 [kWh/kWh]
Electricity O 1.0 [kwh]
Process scale - 10,000 [kw]
CH, emissions O 0.0995 [a/kwh]
CO, emissions O 870.16 [a/kwWh]
NO, emissions O 4.9757 [a/kwh]
Dust-particles emissions o] 1.132 [g/kWh]
SO, emissions O 3.3007 [a/kwh]
NMVOC emissions @) 1.9903 [o/kWh]
CO emissions O 1.9903 [a/kwh]
N,O emissions O] 0.0498 [g/kwh]
CO, equivalent emissions O 887.1893 [a/kwh]
Useful lifetime - 15 [yr]
Annual full load hours - 6,600 [h/yr]
Investment - 89,483,300 [€]
Maintenance - 6| [% of investment]
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Provision of Diesel
Diesel is used as fuel for mechanical conversioanefrgy. Processes that uses diesel

are: truck transport and wood chipping.

Table 9. Technical and economic data of dieseliprav

1 /0O Value Units
Mineral oil consumption I 1.160 [kWh/kWh]
Diesel oil production o] 1.000 [kwh]
Production costs - 0.02304 [€/kWh]
CO, emissions O 51.500 [a/kwh]
NOXx emissions O 0.147 [a/kwh]
Dust-particles emissions O 0.007 [g/kWh]
SO, emissions O 0.13 [g/kwh]
NMVOC emissions O 0.162 [a/kWh]
CO emissions 0] 0.061 [a/kwh]

Provision of Coal

The coal used in Italy is a typical mix of Europeaal. The values presented in Table
10 represent the amount of energy needed to obtfddvh] of hard coal ready for use
in other processes.

Table 10. Composition of the energy used in EU-haird coal (values in kWh/kWh)

I /0O Value
Brown Coal I 0.002
Hard Coal I 1.025
Hydro-power I 0.003
Mineral oill I 0.041
NG I 0.010
Nuclear I 0.011
Waste I 0.002
Hard Coal O 1.000

The GHG emissions for the mix EU hard coal areuwatad to be 55.2 [g GZ&xWh].
The costs of coal supply has been assumed to B8 DKkWhcoyin 2020, 0.0106

€/KWh coarin 2030 and 0.0133 €/kWda in 2050 (WETO H2 study).
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A.2  Transport of Feedstock’s

Natural Gas

Pipeline transport

NG is transported in a large European pipeline. §deeis consequently distributed via a
regional and a local NG pipeline grid under différpressures to hydrogen production
plants. All transports require mechanical work mhglegas turbines, which use a small
amount of NG for their power. The data for the hpyessure (HP) natural gas
distribution has been derived from [GEMIS 2002].

Table 11. Input and output data for NG distributfbigh-pressure pipeline) over 1000 km
| /O Value Units

Mechanical work I 0.0058 [kWh/kwh]

NG I 1.0016 [kWh/kWh]

NG O 1.000 [kwh]

Process scale - 10,000,000 [kW NG

CH, emissions O 0.115 [a/kWh]

Useful lifetime - 30 [yr]

Annual full load hours - 7,500 [h/yr]

The mechanical work needed for transport purposesupplied by a gas turbine

(efficiency: 30%).

Table 12. Input and output data for NG distribut{bigh-pressure pipeline) over 250 km

1 /0 Value Units

Mechanical work I 0.0015 [kWh/kWh]

NG I 1.000015 [KWh/kKWh]

NG O 1 [KWh/KWh]

Process scale - 10,000,000 [KW NG]

CH, emissions O 0.0011 [a/kwh]

Useful lifetime - 30 [yr]

Annual full load hours - 7,500 [h/yr]

For the local NG distribution no energy requirenseantd no GHG emissions occur. But
the local NG distribution leads to additional coskbe costs for NG distribution via
high-pressure pipeline of 250 km have been assumdst 0.0004 EUR per kWh of

natural gas.
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Biomass

The wood chips are transported to the gasificgtlant via a 40 t truck. The maximum
payload ranges between 80 and 1G0amd between 22 and 27 t [Kaltschmitt 2001]. A
manufacturer of trailers for the transport of bi@m@dicates a maximum payload of 90
to 92 n? [Fahrzeugbau Langendorf 2001]. The water conténthe wood chips is
assumed to be 30%. The bulk density of wood rabgéseen 0.24 and 0.33 t/m3. For
the calculation of this pathway a payload of 26ba chips has been assumed.

Table 13. Input and output data for biomass transystem truck wood chips over 50 km

| /0O Value Units
Wood Chips I 1.0000 [kwh]
Travelling distance I 0.0148 [t km / KWh]
Biomass O 1.0000 [kwh]

Table 14. Input and output data for truck

I /0O Value Units
Diesel Ol I 0.26 [kWh/tkm]
Travelling distance O 1 [t km]
CH, O 0.005 [g/tkm]
COo, O 68.6 [g/tkm]
NOx O 0.341 [g/tkm]
Dust-Particles O 0.002 [g/tkm]
SO, O 0.00043 [g/tkm]
CO O 0.146 [g/tkm]
NMVOC O 0.04 [g/tkm]

Electricity

Depending on the user, three types of electricigngport have been considered:
transport at high-voltage (HV, 110-220 kV), trandpd medium-voltage (MV, ~20 kV)
and transport at low-voltage (LV, ~0.4 kV).

The costs for high voltage transport of electri@tg indicated with about 0.004 €/kWh
and the costs for the distribution (10-20 KV leaeld 0.4 kV level) are indicated with
0.027 €/kWh (RWE 1999). As a first approach it basn assumed that 0.020 € of the
0.027 €/kWh can be allocated to the 10-10 kV leared 0.007 € can be allocated to the
0.4 kV level.

Table 15. Input and output data for High-voltagagport of electricity (GEMIS 4.1), (RWE

1999)
I /0O Value Units

Electricity I 1.0101 | [kWh/kWh]
Electricity O 1.0000 [kwh]
Process scale - 80,000,000 [kWe]
Useful lifetime - 50 [yr]
Annual full load hours - 5,000 [h/yr]
Costs of electricity
transport - 0.004 [€/kwh]
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Table 16. Input and output data for Medium-voltag@sport of electricity (GEMIS 4.1),
(RWE 1999)
I /0 Value Units
Electricity I 1.0070 [kWh/kWh]
Electricity @) 1.0000 [kwh]
Process scale - 1,300 [kWe]
Useful lifetime - 50 [yr]
Annual full load hours - 5,000 [h/yr]
Costs of electricity
transport - 0.020 [€/kwh]

Table 17. Input and output data for Low-voltagesort of electricity (GEMIS 4.1) (RWE
1999)
1 /0 Value Units
Electricity I 1.0120 [kWh/kWh]
Electricity O 1.0000 [kwh]
Process scale - 100 [kWe]
Useful lifetime - 50 [yr]
Annual full load hours - 5,000 [h/yr]
Costs of electricity
transport - 0.007 [€/kwh]
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A3

In this section, production of hydrogen from th&edent feedstock’s is presented. Also
the process of hydrogen liquefaction is includeldicl delivers the hydrogen 'ready for

use.

Hydrogen Production

Production of Hydrogen from Natural Gas

Hydrogen production from natural gas is performathg steam methane reformers
(SMR). The SMR may or may not include £€apture and storage (CCS).

Onsite (de-central, DC) reformers without CCS uS&4#R based on Haldor Topsoe.
SMR data that includes the CCS process has beareddrom a study carried out by
Foster Wheeler [Foster Wheeler 1996].

For central SMR plants including CCS, the C&pture is carried out via scrubbing
process using AMDEA (activated methyl diethanol )i units. There after, GO
becomes compressed to a pressure of approximétel§Ph, leading to carbon dioxide
liquefaction. Thereafter, COs transported in liquid state via pipelines am@cdted into
depleted natural gas and oil fields. The plant stea®f 3 single units (each 94,000 Rim
H./h). The Foster Wheeler plant has no electricifyosk

In Table 18 technical and economic data used inetmogl are given for different
capacities of hydrogen plants.

Table 18. Technical and economic data for the @iffeSMR plants

Haldor Topsoe | Foster Wheeler

2020, On-site 1996, Central
Inlet pressure [MPa] 1.6 3.4
Discharge pressure;HMPa] 15 6.1
Capacity [Nmi Ho/h] 320 281,300
NG consumption [kKWh/kWiy] 1.441 1.365
Electricity consumption [KWh/kWip] 0.016 -
Output excess electricity [KWh/kWH - -
CO, emissions [g/kWiy] 292 42.7
CH, emissions [g/kWp] 0.075 0.057
Investment [€] 830,000 453,090,000
Maintenance coefficient [% of Investment] 1 1.5
Labour [€/yr] 0 546,400
Overhead [% of investment] 0 0.1
Useful lifetime [yr] 15 25
Equivalent full load period [h/yr] 6,000 7,884

Cells with “-* : not applicable

In case of the Foster Wheeler plant the naturaligpst pressure is lower than the
pressure of the hydrogen at the outlet of the presgroduced hydrogen. The reason is
that the Foster Wheeler plant has an additionatdgeh compressor downstream the
pressure swing adsorption (PSA) plant.

2 with CO, capture and storage
3 Average investment per unit when 10,000 unitdrstalled
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Production of Hydrogen from Coal

The hydrogen is produced via large-scale gasiboadf hard coal with C®capture and
sequestration (see Table 19).

Table 19. Technical and economic data of hydrogeregation via coal gasification with GO
capture and storage

| /O With CCS Units
Capacity - 844,866 [NFH,/h]
Hard coal consumption I 2.303 [KWh/KWhH2]
CO, emissions O 20.3 [g/kWhH2]
Investment - 1,168,100,000 [€]
Maintenance coefficient - 3.57 [% of investment]
Labour - 1,090,000 [€/yr]
Overhead - 0.07 [% of investmeni]
Useful lifetime - 25 [yr]
Equivalent full load period - 7,884 [h/yr]

Production of Hydrogen from Biomass

The provided biomass is gasified. The gasificatpocess includes biomass pre-
treatment, syngas purification and syngas separafioe result is CGH

The plant used for the wood gasification producegrahesis gas (mixture of,HCO,
CO, and CH), which is purified in two stages (CO shift andPaessure Swing
Adsorption) to get the pure,HFor this plant the technical and economic dagagaren
in Table 20.

Table 20. Technical and economic data feigeineration via biomass gasification

XS] Value Units
Biomass I 1.4624 [kWh/kWh]
Electricity I 0.0820 [kWh/kwWh]
CGH, O 1.0 [kwh]
Investment - 152,960,000 [€]
Maintenance - 3.9 [% investment per yr]
Labour - 1,180,000 [€/yr]
Overhead coefficient - 2.3 [% investment per|yr]
Equivalent full load period - 7 887 [h/yr]
Useful lifetime - 25 [yr]
PM emission$ O 0.0025 [9/kWh]

4 CO, emissions are per definition of use of biomassaktuzero
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Production of Hydrogen from Waste

Metals and other inert materials has to be remdefdre the waste is inserted into the
gasifier. In Mexico all materials are removed. Hare'MBA" is employed which
converts the waste into the so-called "Trockenktbi
The provided waste is gasified. The gasificatioacpss includes waste pre-treatment
(31,000,000 €), syngas generation (39,200,000 €), sGift (3,600,000 €) and PSA

(1,100,000 €). The result is GH

The plant used for the wood gasification producegrahesis gas (mixture of,HCO,
CO, and CH), which is purified in two stages (CO shift andPaessure Swing

Adsorption) to get the pure;H

Table 21. Technical and economic data feigEineration via waste gasification

XS] Value Units
Waste I 2.31 [kWh/kWh]
Electricity I 0.03 [kWh/kwh]
GH; O 1.0 [kwh]
Aluminum-Scrap O 0.008 [kg/kWh]
Steel-Scrap ©) 0.033 [kg/kWh]
Investment - 74,900,000 [€]
Maintenance - 5 [% investment per yr]
Process Scale - 19,600 [kW]
Equivalent full load period - 7 500 [h/yr]
Useful lifetime - 20 [yr]
CO, emissions O 214 [a/kwh]

Production of Hydrogen from Solar thermal S/l cycles

The Thermal power is converted into heat which seduto decompose B0, to
produce GH (sulphur iodine cycle). The thermo chemical effimy is 37% (efficiency
of conversion of thermal power into heat > 70% affitiency of the S/l cycle is about

50%).

For this plant the technical and economic datayaren in Table 22.

Table 22. Technical and economic data fg

Eineration via solar thermal S/I cycles

1 /0 Value Units
Thermal power I 2.7 [kWh/kWh]
GH, O 1.0 [kwh]
Investment - 855,110,000 [€]
Maintenance - 2 [% investment per yr]
Labour - 17,102,200 [€/yr]
Equivalent full load period - 7200 [h/yr]
Useful lifetime - 25 [yr]
Process Scale - 142,950 [kW]
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Production of Hydrogen from Mix Electricity
Hydrogen is produced via on-site water electrolysis

Table 23. Technical and economic data for electisly

On Site Electrolyser
Capacity [Nmi Ho/h] / [kW] 360
Electricity [KWh / KWhH;] 1.6
consumption
Pressure [MPa] 2.6
Investment [€] 271,800
Maintenance [% of investment] 0.9
Labour costs [€lyr] 0
Overhead costy  [% investment/yr] 0
Useful lifetime [yr] 6,000
Equivalent full
Io(;d period [/yr] 20

= Liguefaction of Hydrogen

To liquefy hydrogen, a liquefaction plant consumorgy electricity as input has been
used. The electricity consumption has been assumée 0.3 kWh per kWh of LH
produced (LHV). This assumption corresponds toddrgdrogen liquefaction plants in
the near future, as presented in the CONCAWE/JRC/AR study. The investment,
maintenance and labour costs have been derived [idEG 1992] via up scaling.
These costs have been confirmed by [Linde 2004. t€bhnical and economic data of
liquefier plant are given in Table 24.

Table 24. Technical and economic data efigliefaction plant

I /0O Value Units
Plant capacity - 300,000 [kW]
GH, consumption I 1.00 [KWh/kWh]
Inlet pressure - 30 [bar]
LH, production ©) 1.00 [kwh]
Electricity consumption I 0.3 [kWh/kWh]
Investment - 23,900,000 [€]
Maintenance - 2.50 [% of investment]
Labour - 1,230,000 [€/yr]
Equivalent full load period - 8,000 [h/yr]
Useful lifetime - 30 [yr]

® Average investment per unit when 10,000 unitdrsalled
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A.4  Transport of Produced Hydrogen

Compressed Hydrogen Gas (CGH,)

The supply of CGHhl is performed through a hydrogen pipeline grid.h#ts been
assumed that the hydrogen grid consists of largelipes (50/100 km) with a
throughput of 240 GWh Hper year and pipeline and some smaller pipelibeknt)
with a throughput of 8 GWh Hper year and pipeline. The pressure drop durieg th
pipeline transport has been neglected.

Technical and economic data for C&pipelines is given in

Table 25.
Table 25. Technical and economic data for H2 piygali

Units 5 km 50 km 100 km
Annual hydrogen [GWh
throughput Holyr] 8 240 240
Diameter [mm] 100 150 150
Wall thickness [mm] 7.1
Investment [M€] 0.895 8.95 17.9
Labour, maintenance etc. [€/yr] 21,000 261,000 ,G22
Annual full load [hr] 8000 8000 8000
Useful lifetime [yr] 30 30 20

Liquefied Hydrogen (LH>)
LH> is transported by truck on 150 km (roundtrip = 30@). The truck gross weight is
40 t while the payload is about 27 t. Because #i&k tmass is estimated to be
approximately 24 t, the transport capacity of th krailer is approximately 3.5 t LH
The fuel consumption of the 40 t truck is aboutl3Mh/km or 35 | diesel per 100 km.

Table 26. Technical and economic data for, tdck transport

1 /0O Value Units
Fuel use I 0.2600 [kWh/t km]
Energy use O 0.0354 [t km/kWh]
Investment - 500,000 [€]
Maintenance - 2% [% of investment]
Lifetime - 15 [yr]
Annual full load hours - 8760 [hr/yr]
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A.5 Hydrogen Usage

Vehicle Filling Stations

Two different filling stations for gaseous hydrogdistribution and one filling station
for gaseous hydrogen distribution from liquefieddfogen inlet have been used. The
difference between these filling stations is thetism pressure considered.
Characteristics of filling stations delivering Cglfor the year 2004 are presented in
Table 27. Table 28 presents the derived data ®iydar 2020. The electricity voltage
level is 0.4 kV except for filling stations whichrea connected with an onsite
electrolyzer. In case of onsite electrolysis thecgilcity voltage level is 10 kV. The 10-
20 kV level is reasonable if the maximum power dedhexceeds 1 MW.

Table 27. Technical and economic data for the ¢f8lihg station, year 2004

Suction pressure 2.0 MPa | 2.6 MPa
Annual fuel output [t Kyr] 120 120
Electricity consumption [kWh/kWh] 0.070 0.0647
Investment [€] 496,000 496,000
Maintenance [% of investment] 2.7 2.7
Useful lifetime [yr] 20 20
Efficiency [] 98%
Table 28. Derived technical and economic dataHer@GH filling station, year 2020

Suction pressureg 2.0 MPa 2.6 MPa
Annual fuel output [t Hyr] 120 120
Electricity consumption [kWh/kWh] 0.070 0.0647
Investment [€] 231,000 231,000
Maintenance [% of investment] 3.7 3.7
Useful lifetime [yr] 20 20

® Average investment per unit when 10,000 unitdrselled.
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Vehicle data

The passenger vehicle data has been derived frel @@NCAWE/EUCAR/JRC study
[CONCAWE 2/2003]. The passenger vehicles are based VW Golf.
Table 29 and Table 30 present the vehicle techdei@ used in the study.

Table 29. Passenger cars data

Fuel consumption GHG emissions
[KWh/km] [g CO, equiv./km]
CGH, FC car 0.261 0
CGH; FC car hybrid 0.233 0
CGH, ICE car 0.465 0.5
CGH; ICE car hybrid 0.413 0.5
LH, FC car 0.261 0
LH, FC car hybrid 0.233 0
LH, ICE car 0.465 0.5
LH, ICE car hybrid 0.393 0.5
NG+5%H; car 0.465 0
Table 30. Buses data
Fuel consumption GHG emissions
[KWh/km] [g CO, equiv./km]
CGH, FC bus 2.86 0
CGH, ICE bus 4.90 4
LH, FC bus 2.74 0
LH, ICE bus 4.90 4
HCNG ICE bus 5.38 1092

For CGH fuelled FC vehicles and hydrogen generated vietrellysis a de-Oxo dryer
has been installed at the filling station to elevaie hydrogen purity from 99.95% to
99.995%. For CGHifuelled ICE vehicles no de-Oxo dryer is required.

Table 31. Technical and economic data for a de-@yer [Stuart Energy 2004]

I /0O Value Units
Capacity - 120 [Nm3 H2/h]
Electricity consumption O 0.0139 [kWh/kWhH2]
Investment - 94,500 [€]
Maintenance - 0.24 [% of investment]
Useful lifetime - 20 [yr]
Equivalent full load period - 6,000 [h/yr]

The purity of LH is above 99.995% in any case.
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Stationary use of Hydrogen

CHP plants generate electricity and heat. One @gprcs to look at the consumer e.g. a
single-family user. The single-family user requirsctricity and heat, the last one
being supplied by a FC CHP plant including a peaileb.

Heat as main product

The single-family user needs electricity and h#s, last one being supplied by a FC
CHP plant including a peak boiler. The electriaityay be supplied to the electricity
grid.

The main output is ,heat + electricity” . If theeetricity generation of the FC CHP
plant is higher than the demand then a net expatectricity occurs.

Table 32. FC CHP plant with H2 fuelled peak boitara single-family user

Input/ Output Value Units

GH, [ 1.203 [KWh/kWh]
Electricity to grid @) 0.2736 [kWh/kwWh]
Heat + Electricity O 1.000 [kwh]
Process scale - 2.8 [kwWh/h]
Investment - 4,054 [€]
Maintenance - 12 [% of | /yr]
Equivalent full load period - 4585 [h/yr]
Useful lifetime - 20 [yr]

The investment includes the investment for a pealleth The maintenance costs
include stack replacement after every 5 years.lifétane of the FC is indicated with 5
years.
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A.6  Auxiliary Processes

Auxiliary processes are those that do not takeipdrydrogen generation (from well to
H, production), but help to realize the productiordstribution. These processes are:
- Gas Turbines (mechanical work for pumping gas tiingpipelines)
- Wood chipping

Gas Turbines

Table 33. Input and output data for used gas te{GEMIS 4.1.3.2)

1 /0 Value Units
Natural gas I 3.3333 [kWh/kwh]
Heat ©) 1.0000 [kwh]
Process scale - 10,000 [kWh/h]
Useful lifetime - 15 [yr]
Annual full load hours - 5,000 [h/yr]
CO, emissions O 677 [g/kwh]
NOx emissions O 3.527 [g/kwh]
Dust-particles emissions O 0.050 [a/kwh]
SO, emissions O 0.005 [g/kwh]
NMVOC emissions O 0.101 [a/kwh]
CO emissions O 1.008 [a/kWh]
CH, emissions O 0.050 [g/kwh]
N,O emissions 6] 0.030 [a/kwh]

Wood chipping

In case of residual woody biomass from forestrywlo®d is chipped nearby the forest
via mobile wood chipper.

Table 34. Input and output data for Wood Chipgiktartmann 1995

I /0O Value Units
Woody Biomass | 1.025 [KWh/kWh]
Woody Biomass O 1.0 [kwh]
Diesel [KWh/KWh,eod [ 0.004 [KWh/kWh]
Process Scale - 50,000 [kW]
CO, emissions 0] 1.32 [g/kWh]
NO, emissions O 0.0581 [a/kwh]
Dust-particles emissions O 0.0048 [a/kWh]
CH, emissions O 0.0002 [a/kwh]
N,O emissions O] 0.0002 [a/kwh]
NMVOC emissions o] 0.0002 [a/kwh]
CO emissions O 0.0126 [g/kWh]
Useful lifetime - 10 [yr]
Annual full load hours - 1,000 [h/yr]
Cost - 0.0135 [€/kWh]
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