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Criterios de avaliacao

Avaliacao Continua
0,50 Prova Escrita + 0,25 Trabalho Teorico + 0,25 Apresentacao

Nota: Classificacdo minima na prova escrita — 9 v. (0 — 20v.)

Avaliacao por Exame
100% Exame
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Evaluation Options

' Continuous Evaluation

0,50 Test + 0,25 Theoretical work + 0,25 Presentation of the work

Nota: Minimum mark in written test — 9 v. (0 — 20v.)

By Examination

100% Examination
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Apresentacoes | Entrega dos

dos Trabalhos | Trabalhos Saida das Notas

| Todos 0s 7/12 Sala8.2.3
Grupos 17/12 Sala 8.2.13

16 de Janeiro 25 de Janeiro

Aula de Duvidas da Parte Teorico-Pratica (Zoom): 3 de Janeiro, 15:00h

Exame 1.2 Epoca - 6 de Janeiro (52 feira), 9h00, Sala 6.2.47
Exame 2.2 Epoca - 1 de Fevereiro (32 feira), 13h00, Sala 6.2.47
Epoca Especial - 22 de Julho, 13h00, Sala 8.2.14
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Suggestion
Work Delivery of Course arades
Presentation Works J

. 7/12 Room 8.2.3
AITGroups | 17,15 Room 8.2.13

16t January 25" January

Revisions Lesson (Zoom): 3" January, 15:00h

Examination 15t Date — 6% January, 9h00, Room 6.2.47
Examination 2"d Date — 15t February, 15h00, Room 6.2.47
Examination Especial Date — 22" July, 13h00, Room 8.2.14
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Summary of Theoretical and Practical Lessons

Date Summary
22-09 PC/FP Introducdo. Historial da utilizacao do hidrogénio como forma de energia.

Métodos de producado de Hidrogénio: reforma de combustiveis.
29-09 PC Converséao termoquimica de combustiveis solidos: gasificacao, sistemas
de limpeza e separacao de gases.
Eletrolise: origem renovavel e ndo renovavel. Fotoeletrélise ou eletrélise

06-10 PC Iy
assistida.
13-10 FP  Problema 1 — Reforma com vapor
20-10 PC Sistemas de armazenamento, transporte e abastecimento de hidrogénio.
Desafios associados ao armazenamento.
03-11 FP  Problema 2 — Gasificacao de biomassa
10-11 FP  Problema 2 — Gasificacao de biomassa
Problema 3 - Producao de hidrogénio por eletrolise da agua e por
17-11 FP
reforma do metano
2411 PC Aplicacdes do hidrogénio: combustao direta em motores de combustao

interna e turbinas; tipos de células de combustivel e seu funcionamento.

15-12 FP Problema 4 - Células de combustivel
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Calendarizacéo das Aulas Teorico-Praticas

Data Sumario
22-09 PC/FP Introduction. History of the use of hydrogen as a form of energy.

Hydrogen production methods: fuel reforming. Thermochemical
29-09 PC Conversion of Solid Fuels: gasification, cleaning systems and gas
separation.
Electrolysis: renewable and non-renewable source. Photoelectrolysis or

06-10 PC . :
assisted electrolysis.

13-10 FP  Problem 1 — Steam reforming

20-10 PC Hydrogen storage, transport and supply systems. Challenges associated
with storage.

03-11 FP  Problem 2 — Biomass gasification

10-11 FP  Problem 2 - Biomass gasification

17-11 Ep Problem 3 — Hydrogen production by water electrolysis and by methane
reforming

24-11 PC Applications of hydrogen: direct combustion in internal combustion

engines and use in turbines. Types of fuel cells and their operation.

15-12 FP Problem 4 - Fuel cells
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1)
2)

-
4)
5)
6)

7)
8)
9
110)
11)

12)
13)

Temas para trabalhos teoricos

Problemas e beneficios duma economia baseada no hidrogénio, considerando os
aspetos da producéao e utilizacao.

A utilizacéo de hidrogenio como fonte de energia - problema ou solucédo para a
crise energeética?

Comparacao entre os principais méetodos de producéo de hidrogénio.

Producéo de hidrogenio a partir da utilizacao de fontes renovaveis.

Métodos para producdo de bio-hidrogénio.

Producdo de energia a partir da utilizacado de hidrogenio em pilhas de
combustivel.

Producdo de energia a partir da combustéo de hidrogénio.

Producdo de hidrogenio a partir de gasificacdo de biomassa e/ou de residuos.
Opcoes para a utilizacdo de hidrogenio no sector automovel.

Problemas e solucdes associados ao armazenamento e transporte de hidrogenio.

Necessidades de 1&D para incrementar a utilizacéo de hidrogénio para producéo
de energia.

Principais projetos de demonstracao na area da utilizacao de hidrogenio.
Outros.

Hl SO estao disponiveis o0s temas a preto
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1)
2)

3)
4)
5)
6)
7)
8)
9
| 10)

11)
12)
13)
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Themes for theoretical work

Problems and benefits of an economy based on hydrogen, considering the
aspects of use.

The use of hydrogen for energy - a problem or solution to the energy
Crisis?

Comparison of the main methods for producing hydrogen.
Production of hydrogen by the use of renewable sources.

Methods for the production of bio-hydrogen.

Energy production by using hydrogen in fuel cells.

Energy generation from hydrogen combustion.

Hydrogen production from biomass and/or wastes gasification.
Hydrogen use methods for the automotive sector.

Problems and solutions associated with the storage and transport of
hydrogen.

R&D needs to increase the use of hydrogen for energy production.
Most important demonstration projects in the area of hydrogen use.

U Only black written themes are available
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|
Group Theoretical Work

Group 1 Agnese Branca 2) The use of hydrogen for energy - a
Z)tgcemb or | Beatriz Gameiro problem or solution to the energy
13-30h Marcelo Rosario Crisis?

Group 2.\ ria Taborda 50373 1) Problems and benefits of an
E)tglcemb or | 3080 Santos 55144 economy based on hydrogen,
14-00h Beatriz Ferreira 51405 considering the aspects of use

15//12/2021



Filomena Pint0 g

seeesssssss Hidrogénio e Novos Vectores Energéticos — 2021/2022

Group

Theoretical Work

Group 3 f\:/larr'."tr? '\ga:”‘?f'e 10) Problems and solutions associated
%)7etchember Lai :Z ;‘anfog' a with the storr]a%e and transport of
: rogen

14:30h Maria Teresa Calado yarog
Group 4 André Gomes 53249 _
17th Diogo Vicente 53247 4) Production of hydrogen by the use
December | Tiago Neves 53250 of renewable sources
14:00h Vasco Diniz 53241
Group 5 Guillermo Martinez Provencio 57739

Maria Lopez Jiménez de Andrade . .
17th £ 7705 12) Most important demonstration
De%eOmhber Antonio Campanale 57692 projects in the area of hydrogen use
15:

Lars Finck 57685
Group 6 - 0
L0 ber | Larapesraesisgs O s ' °
15:30h Sofia Andrade n°53228
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Trabalho Teodrico
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Partes do Trabalho

1) Capa
. Titulo
. Autores

e Instituicao
e Data de realizacao
2) Agradecimentos
3) Resumo
4) Palavras Chave
5) Indice Geral
6) Indice de Figuras
7) Indice de Tabelas
8) Nomenclatura
9) Lista de Abreviaturas
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Partes do Trabalho

10) Introducao:
«  Motivacgao
e  |mportancia do tema abordado

11) Desenvolvimento do Tema

12) Conclusoes
e Sintese dos pontos principais abordados
e  Principais conclusoes do que fol apresentado
«  Consideracoes finais

15//12/2021
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Partes do Trabalho

13) Tendéncias Futuras
. Referir temas para reflexao

14) Bibliografia (listagem da bibliografia consultada, a qual pode ou néao
ser referida no texto).

15) Anexos

Nota: O trabalho em grupo n&o pode ser a juncao de varias partes
feitas por pessoas diferentes. O relatorio ter de ser uma
sequéncia légica e coerente.

15//12/2021
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Bibliografia

Relatorios de organismos reconhecidos

Lista de Revistas:
Renewable and Sustain. Energy Reviews
Int. J. Hydrogen Energy
Energy & Fuels
Fuel
Fuel Processing Technology
Ind. Eng. Chem. Res.
Biomass Bioenergy
Renewable Energy
Applied Catal A/B
Catalysis Today
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Theoretic Work
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Work Main Parts

1) Cover
« Title
«  Authors
« University
e Date

2)  Acknowledgments

3) Abstract

4) Key words

5) General Index

6) Figures Index

7) Tables Index

8) Nomenclature

9) List of Abbreviations
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Work Main Parts

10) Introduction:
«  Motivation
e  |mportance of the subject

11) Development of the subject

12) Conclusions
« Summary of the main points addressed
«  Key findings of what was presented
«  Final considerations
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Work Main Parts

13) Tendéncias Futuras
. Referir temas para reflexao

14) Bibliografia (listagem da bibliografia consultada, a qual pode ou nao
ser referida no texto).

15) Anexos

| Nota: O trabalho em grupo nao pode ser a juncao de varias partes
feitas por pessoas diferentes. O relatorio ter de ser uma
sequéncia légica e coerente.
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References

Reports from entities with recognized merit

List of Main Journals:
Renewable and Sustain. Energy Reviews
Int. J. Hydrogen Energy
Energy & Fuels
Fuel
Fuel Processing Technology
Ind. Eng. Chem. Res.
Biomass Bioenergy
Renewable Energy
Applied Catal A/B
Catalysis Today
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References
Reports from entities with recognized merit:

United States Department of Energy — Clean Energy
IEA — International Energy Agency

IRENA — International Renewable Energy Agency
IEF — International Energy Forum —

EERA — European Energy Research Alliance

EUREC - The Association of European Renewable Energy
Research Centers .
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I

Problema |

Supondo que se pretende produzir hidrogénio a partir de “reforming” do gas natural com vapor, considere
gue o gas natural apresenta a composicao a seguir indicada e que a conversao global da reaccao de
‘reforming” & de 83%. Admita que o vapor de agua condensa e conside 0 gas seco. Calcule:

1)

2)

3)

4)

5)
6)
7

A composicao final do gas admitindo que ocorre somente a reaccao : |
de formacéao de CO a partir de “reforming” de metano. ki

CH, +H,0 s CO+3H, Metano 91,7
A composicao final do gas admitindo que ocorre também a conversdo | gtano 3.9
do etano. CHg+2H,0 5 2CO+5H,

e iiines $ o 5 . Propano 0

A composicéo final do gas admitindo que para além das reaccoes
anteriores, ocorrem também as reaccoes correspondentes a formacéo | Nitrogéenio 2,1
de CO,. Admita que a conversado destas reacoes é de 38%. Ditxide-da Carbone 23

(CH;+2H,0 s CO,+4H,eCH;+4H,0 5 2CO,+7H,)
O caudal de hidrogénio produzido a temperatura ambiente (25°C) e nas condi¢des consideradas na
alinea 3), se o caudal total de gas apos “reforming” a temperatura de 100°C for de 190,26, m3/h.

O caudal de hidrogénio produzido se o caudal de gas natural for de 40,1 m3/h (T=25°C).
A quantidade molar de vapor utilizado nas condi¢des de 3), considerando um excesso de vapor de 65%.

A massa volumica (MVg,.) € o0 poder calorifico superior (PCSg;.) do gas obtido nas condi¢ces
consideradas na alinea 3).

MV, = YCO%1,2501+ yH,%0,0898 + yCH,x0,7167 + yC H, x1,2644 + yCO,x1,9768 + yN2 x1,1606 (g/NL)
PCSg4 = YCO % 12 625 + yH, x 12 750 + yCH, x 39 710 + yC H,, x 62 930 (J/NL)

8)

yi - fragdo molar do componente i

Supondo que 14% do gas produzido diariamente por “reforming” € escoado em reservatoérios de 50 L a
temperatura ambiente e a pressao de 245 atmosfera, calcule o numero de reservatorios necessarios.

15//12/2021
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Informacéao Adicional:

1) A composicao final do gas admitindo que ocorre somente a reac¢éo de formacao de CO
CH,+H,O0 s CO+3H,
91,7 moles
2) Que ocorre também a conversao do etano.
C,H;+2H,0 5 2CO+5H,
3,9 moles
3) Que para além das reacc¢des anteriores, ocorrem também as reaccdes correspondentes a formacéo de
CO,

CH,+2H,0 5 CO,+4H, 38%
CHs+4H,0 5 2CO,+7H, 38%.

4) P,V, = nRT, P,V, = nRT,

8) V = C*Vit

V é o volume de gas em condicGes normais de P e T (1 atmosfera e 25°C), Vt volume do tanque e C factor
de compressao, e funcéo da temperatura e pressao do gas.

(péd) T (°F) 3 600 Psi
76 210.8
C
/8 210.1

15//12/2021
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Natural Gas Steam Reforming
Main Reactions

Methane (CH,) reactions
CH;+H,0 5 GG +3H,

Water Gas Shift Reaction
9@’+H20 S CO, +H,

CH,+2H,0 5 CO,+4H,

Ethane (C,H;) reactions.
C,H, +2H,0 S 2/<f>+5H2

Water Gas Shift Reaction
220 +2H,0 5 2CO,+2H,

C,H;+4H,O s 2CO,+7H,
hitps://www.youtube.com/watch?v=eoF2EoFhlJw
https://mww.youtube.com/watch?v=xAjHJ49VOUM

15//12/2021
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Problem |

To produce hydrogen from natural gas reforming, a gas whose composition is shown in the next table is used.
The global conversion of reforming reactions is 83%. It should be considered that after steam condensation

the produced gas is dry. Determine:

; At _ _ % molar
1) The final gas composition if only the next methane reforming reaction
§  occurs. CH,+H,0 5 CO+3H, Metiene S
2) The final gas composition if ethane reforming reaction to form CO Ethane 3.9
also occurs. CHs+2H,O0 5 2CO+5H, Propane 0
3) The final gas composition if reactions leading to the formation of CO, Nit 51
also take place. Please consider that these reactions conversions are At '
38%. Carbon Dioxide 2.3

CH,+2H,0 5 CO,+4H,and C,H;+4H,0 5 2CO,+7H,

4) Hydrogen flow rate at 25°C in the conditions of 3) if total reforming gas flow rate is 190.26 m3h at 100°C.
5) Hydrogen flow rate, if the flow rate of initial gas is 40.1 m3/h (T=25°C).

6) Steam molar flow rate in the conditions of 3) if an excess of 65% of steam is used.

7) Density (Pgas) and HHV of gas leaving the gasifier (MV,) in the conditions of 3).

Pgas = YCOx1.2501+ yH,%x0.0898 + yCH,x0.7167 + yC H,,x1.2644 +yCO,x1.9768 + yN2 x1.1606 (g/NL)

| HHV,. = yCO x 12 625 + yH, x 12 750 + yCH, x 39 710 + yC.H. x 62 930 (J/NL)
yi - molar fraction of component i

8) If 14% of the produced gas per day is compressed till 245 atmosphere and stored in tanks with 50 L at
25°C. Determine the number of tanks needed.

15//12/2021
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Problem |

1) Consider that only the next reaction occurs
CH;+H,O0 s CO+3H,

2) Consider that the next 2 reactions occur.
CH,+H,0 s CO +3H,
CHs+2H,O0 5 2CO+5H,
3) Besides the previous reactions, the following ones also take place:
CH,+2H,0 5§ CO,+4H,
C,Hs+4H0O 5 2CO,+7H,
4) P,V,=nRT, P,V, = nRT,
8) V. = C*Vt

| Vis the gas volume at standard P and T conditions (1 atmosphere and 25°C), Vt is the tank
volume and C is the compression factor, it depends on gas temperature and pressure.

T (F) 3 600 Psi
C 76 210.8
(ft°) 78 210.1

15//12/2021
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Problema I

Admita que a partir de gasificacdo de biomassa se produz 250 m3/h de gas de sintese, o qual apds
operacgOes de limpeza sofre um aumento de cerca de 38%. Para aumentar a conversao em hidrogenio, 0
metano sofre “‘reforming” com vapor e depois o gas obtido é submetido a reacao de “water gas shift”.

1) Proponha um diagrama de processo que permita obter H, a partir de gasificagao de biomassa e
numere as diversas correntes.

2) Calcule gquantidade em massa de H, (kg/h) antes e apés as operacoes de limpeza. Admita que a
massa volumica do gas pode ser determinada pela equacéo seguinte:

MV, =yCOx1,2501+ yH,x0,0898 + yCH,x0,7167 + yC H,x1,2644 +yCO,x1,9768 (g/NL)

3) Calcule o acréscimo observado no caudal massico de H,. Sugira razdes para o acrescimo calculado
em 2).

4) Determine a percentagem molar do gas antes e apds as operacoes de limpeza.

5) Determine a percentagem massica do gas antes e apos as operacdes de limpeza. Comente os valores
obtidos, comparando-os com a percentagem molar. Compare os resultados de percentagem molar
com 0s de percentagem volumeétrica.

6) Calcule a composicéo volumétrica do gas seco apos reforma do metano com vapor. Considere
que 83% do metano existente é convertido e que ocorrem as reagdes CH, + H,O s CO + 3 H,,
(65% do metano que reage) e CH, + 2 H,O 5 CO, + 4 H, (35% do metano que reage). Admita que
68% do CO inicial é convertido em CO, (CO + H,O0 $ H, + CO,).

G4as de Sintese (%) Apos gasificacao Apos Limpeza
H, 33 60
CO 25 15
Co, 15 20
CH, 22 5
15//12/2021 CH_ S 0
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Problema I

7) Para aumentar a conversao em hidrogeénio, apos reforma do metano com vapor, o gas €
submetido a reacgao de “water gas shift” (CO + H,0 s H, + CO,). Calcule o caudal
volumétrico (gas seco) de H, se 91% do CO existente for convertido em CO, e H,. Admita
que todo o metano restante € convertido em CO e H.,.

8) Calcule a composicédo volumétrica do gas seco apos a reaccao de “water gas shift”.

9) Se o caudal de vapor utilizado para a operacdo de reforma do metano for de 190 m3/h a 150
°C, qual sera o caudal de vapor a introduzir na operacao de “water gas shift”’, admitindo
que o gas nao e arrefecido, nem ocorre condensacéo de vapor entre as duas operagoes.

10) Calcule o excesso de vapor que existe no reator de "water gas shift".

11) Calcule a energia que é necessario fornecer ao reactor de “reforming” do metano, se o gas
entrar a 750 °C e sair a 850 °C. Admita que o vapor entra a 150 °C e que as perdas de
energia sdo cerca de 20% da entalpia da corrente de saida deste reactor.

Dados: CO+H,O 5 CO,+H, -41,0 kJ/mol

CH,+H,0 s CO+3H, 205,9 kJ/mol

CH,+2H,0 s CO,+4H, 164,7 kd/mol
Cp (gas seco a 750 °C) = 8,980 cal/mole K Cp (gas seco a 850 °C ) = 8.938 cal/mole K
Cp H,O Lig =1 cal/g°C
Cp H,O Vapor (150°C) = 8,185 cal/mole °C Cp H,O Vapor (850°C) = 10,145 cal/mole °C
AH vaporizacao H,0 = 9717 cal/mole
Massa volumica H,O Lig. = 1kg/L Massa volumica H,O a 150°C = 0,516 kg/m3

15//12/2021
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Problema |l

12) Calcule o Cp (em cal/mole K) do gas seco nas correntes de entrada e de saida do reator
de “water gas shift”. Admita que as correntes de entrada e de saida estao respetivamente
a 750° e 600°C.

Temperatura (°C) H, CO CO, CH,
750 7.217 7.932 12.995 17.21
600 7.139 7.787 12.678 16.210

13) Calcule a energia que € necessario fornecer ao reactor de “water gas shift”. Admita
que 0 gas entra a temperatura de 750 °C e vai sair a 600 °C. Considere que as perdas
de energia sdo cerca de 28% da entalpia da corrente de saida deste reactor.

Dados: CO+H,O0 s CO,+H, -41.0kJ/mol

Cp H,0 Liq (cal/g°C) =1

Cp H,O Vapor (cal/mole °C) = 9.861 (750°C)
Cp H,0 Vapor (cal/mole °C) = 9.559 (600°C)
AH vaporizagao H,O = 9717 cal/mole

14) Calcule qual a percentagem que as perdas de energia poderiam ter, em relacdo a
entalpia da corrente de saida do reactor de “water gas shift”, para este reator operar Sem
fornecimento de energia.
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Problem 11

Synthesis gas with a flow rate of 250 m3/h is produced by biomass gasification. After syngas cleaning and
upgrading gas flow rate increases 38%. Afterwards the operations of methane reforming and “water gas
shift” are performed to produce H, .
1) Draw a flow sheet with the main unit operations from biomass gasification till H, production.

* 2) Determine mass amount of H, (kg/h) before and after syngas cleaning and upgrading operations.

Pcas = YCOx1.2501+ yH,x0.0898 + yCH,x0.7167 + yCnHmMx1.2644 +yCO,%x1.9768 (9/NL)

3) Calculate the increase observed in H, mass flow after syngas cleaning and upgrading. What are the
reasons for this increase.

4) Determine the molar percentage of the gas before and after cleaning operations.

5) Determine the mass percentage of the gas before and after the cleaning operations. Comment the
values obtained, comparing them with the molar percentage. Compare the molar percentage results
with volumetric percentage.

6) Determine dry syngas volumetric fraction after methane reforming operation, considering that 83%
of initial methane and 68% do CO are converted by the following reactions:

CH,+H,0 $ CO + 3 H,, (65% of converted methane)

. CH,+2H,0 5 CO, + 4 H, (35% of converted methane) CO+H,0s H,+CO,
Synthesis gas (%) | After gasification (%) After Cleaning and upgrading (%)

H, 33 60

CO 25 15

co, 15 20

CH, 22 5

15//12/2021 CH. s 5
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7)

8)
9)

Hidrogenio e Novos Vectores Energéticos — 2021/2022
Problem |1

To increase H, content, water gas shift is used after CH, steam reforming. Determine H, flow rate
(m3/h) after water gas shift reaction (CO + H,0 & H, + CO,), if 91% of initial CO is converted
into CO, and H, and all methane is also converted into CO and H.,.

Determine the volumetric fraction of the dry gas after water gas shift reaction.

If the steam flow rate used for methane reforming is 190 m3/h at 150 °C , determine steam flow rate
added for water gas shift, considering that syngas temperature is kept constant between the two
operations and there is no steam condensation.

10) Determine the excess of steam in water gas shift reactor.
11) Determine the amount of energy that needs to be supplied to the methane reforming reactor,

assuming that the input and output flows are respectively at 750° and 850 °C. Consider that energy
losses in this reactor is around 20% of the enthalpy of the output gas.

CO+H,0 5 CO,+H, -41.0 kJ/mol
CH,+H,0 5 CO+3H, 205.9 ki/mol
CH,+2H,0 5 CO,+4H, 164.7 ki/mol

Cp (Specific Heat) (dry gas at 750 °C) = 8.980 cal/mole K

Cp (dry gas at 850 °C ) = 8.938 cal/mole K Cp H,O Lig =1 cal/g °C
Cp H,0O Vapour (150°C) = 8.185 cal/mole °C Cp H,0 Vapour (850°C) = 10.145 cal/mole °C
Density H,O Lig. = 1kg/L Density H,O at 150°C = 0.516 kg/m?

AH evaporation H,O = 9717 cal/mole (Latent heat of evaporation)

15//12/2021



Filomena PiNt0  p— Hidrogénio e Novos Vectores Energéticos — 2021/2022

Problem 11

12) Determine the Cp (Specific Heat) (in cal/mole K) of the dry gas in the inlet and outlet flows of the
water gas shift reactor, assuming that the input and output temperatures are 750° and 600° C
respectively.

Temperatura (°C) H, CO CO, CH,
750 7.217 7.932 12.995 17.21
600 7.139 7.787 12.678 16.210

13) Determine the amount of energy that needs to be supplied to the “water gas shift” reactor,
assuming that the input and output flows are respectively at 750° and 600 °C. Consider that energy
losses in this reactor are around 28% of the enthalpy of the output gas.

CO+H,O0 s CO,+H, -41.0kJ/mol
Cp (Specific Heat) H,O Liq (cal/g °C) = 1
Cp H,O Vapour (cal/mole °C) = 9.861 (750°C)
Cp H,0 Vapour (cal/mole °C) = 9.559 (600°C)
AH evaporation H,O = 9717 cal/mole (Latent heat of evaporation)

14) Considering the enthalpy of the water gas shift reactor output stream, calculate the maximum of
the energy losses to allow the reactor to operate without power supply.

15//12/2021
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Hidrogénio e Novos Vectores Energéticos — 2021/2022
Problema 111

Considere que as necessidades energéticas anuais de uma cidade sdao de 700 000 tep
(tonelada equivalente de petréleo) (1tep=41 868MJ) e que no futuro 42% destas necessidades
energeéticas serdo asseguradas pela combustio de H,, com uma eficiéncia global de 37%. A
producdo de H, é feita por diferentes processos, entre eles eletrolise da agua (que fornece
20% do H, necessario) e reforma de metano (que fornece 65% do H, necessario).

1) Calcule a quantidade de H, (mole/h) que e necessario produzir para o processo de
combustao. H,+ %0 => H,0 AH = - 284 kJ/mol
2) Calcule a quantidade de H, (mole/h) que a eletrdlise da agua e a reforma de metano
tém que fornecer.
3) Considere gue a energia necessaria para cada um dos processos (eletrolise e reforma) € a
energia solar produzida por uma central de painéis fotovoltaicos com uma area de
3 250 000 m?, onde a radiacao solar anual é de 1 900 kWh/m?. Admita que a eficiéncia na
central € de 47% e que ha 5% de perdas durante o transporte de energia ate ao local da
sua utilizacdo. Calcular:
a) A energia total produzida pela central em MJ/h (1 kWh = 3600 kJ).
b) A energia disponivel nas instalactes apos o transporte.

4) Calcule a % da energia disponibilizada pela central fotovoltaica que € consumida pela
eletrolise da agua, considerando: H,O =>H,+% O,  AH =284 kJ/mol n = 70%

15//12/2021
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5)

6)

/)

8)

9)

Hidrogenio e Novos Vectores Energéticos — 2021/2022
Problema 111

Se toda a energia disponibilizada pela central fotovoltaica fosse consumida, calcule o aumento
da % de H, e essa quantidade em (mole/h) que poderia ser obtida pela eletrolise.
Determine se a energia produzida pela central fotovoltaica poderia abastecer a instalacao de
reforma de metano.

Reforma de metano:

CH,+2H,0 s CO,+4H, AH =254 kJ/mol n=65%

Que alternativas proporia para garantir o fornecimento de energia necessaria para as instalacoes
de reforma e de eletrolise.
Calcule as emissdes de CO, atribuidas a eletrolise da agua e a reforma de metano. Admita
que sdo emitidas 510g de CO, por cada kWh de energia associada ao processo de “reforming”
de metano. Considere que as emissdes de CO, associadas a construcdo e desmantelamento da
central fotovoltaica sao de 4,1 x10-3 kg CO,/MJ.
Calcule o decréscimo nas emissdes de CO, se a eletrdlise da agua passasse a assegurar a
producdo de H, que no cenério anterior era feita por reforming.

10) Calcule o acréscimo no consumo de energia se a eletrolise da agua passasse a assegurar a

producdo de H, que no cenario anterior era feita por reforma. Compare as duas situagoes
(eletrolise e reforma) em temos de consumo de energia e de emissdes de CO.,.

11) Que alternativas proporia para garantir o fornecimento da energia necessaria para 0s dois

cenarios: (1) so eletrélise ou (11) eletrolise e reforma.
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Problem |11

Annual energetic needs of a city are about 700 000 tonne of oil equivalent (toe)
(1toe = 41 868MJ). In the future, 42% of these energetic needs will be supplied by hydrogen
combustion with an efficiency of 37%. Hydrogen production is mainly obtained by 2
different processes: water electrolysis (that supplies 20% of the needed H,) and methane
reforming (that supplies 65% of H.).

1) Determine the amount of H, (mole/h) that has to be produced for the combustion process.
H,+ %0 =>H,0 AH = - 284 kJ/mol

2) Determine the amount of H, (mole/h) that water electrolysis and methane reforming have

to supply.

3) These processes use solar energy supplied by a solar power plant. The area of the

photovoltaic field is 3 250 000m? and solar annual radiation is 1 900kWh/m?,

Solar power plant efficiency is about 47% and there are 5% of energy losses due to
transportation till its utilization place. Determine:

a) Total energy produced by solar power plant in MJ/h (1 kWh = 3 600 kJ)
b) Energy available after transportation.

4) Determine the % of energy produced by solar power plant that is consumed by water

electrolysis.
Water electrolysis: H,0 => H,+ % O, AH =284 kJ/mol (n) =70%
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Problem |11

5) Calculate the increase in H, (in % and in mole/h) that could be produced by electrolysis,
iIf all the power available from the photovoltaic plant energy was consumed.

6) Determine if the solar power plant is capable of producing all the energy needed for the
methane reforming installation.

Methane reforming: CH,+2H,0 5 CO,+4H, AH =254 kJ/mol (1) = 65%

7) What alternatives do you propose to ensure the power supply for both reforming and
electrolysis.

8) Determine CO, emissions due to water electrolysis and methane reforming, considering
that CO, emissions due to solar power plant building and dismantling are around 4.1 x10-2
kg CO,/MJ and that 510g of CO, are emitted for each kWh of energy associated to methane
reforming process.

9) Calculate the decrease in CO, emissions if the electrolysis of water ensured the
production of H, that in the previous scenario was produced by reforming.

10) Calculate the increase in power consumption if the electrolysis of water ensured the
production of H, that in the previous scenario was made by reforming. Compare the two
situations in terms of energy consumption and CO, emissions.

11) What alternatives do you propose to ensure the supply of energy necessary for the two
scenarios: (1) only electrolysis or (11) electrolysis and reforming.
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Hidrogenio e Novos Vectores Energéticos — 2021/2022

Problema IV

Considere que estava a projetar um sistema de pilhas de combustivel para produzir
eletricidade a partir da utilizacdo de 950 kg/h de um gas com a composicao a seguir indicada
e que dispunha de dois gases oxidantes com as composicdes apresentadas:

Composicao do Gas G0 ins) Oxidante Composicao Composicao do
- Combustivel (% molar) do ar ar com CO,
CO 1,3 CO, 0 30,1
CO, 17,6 N, 78 54,5
H, 77,7 O, 20,5 14,3
CH, 2,1 H,O 1,5 1,0
H,O 1,3 Total 100,0 100
Massa Molecular (MM) 10,23 MM 28,67

1) Comece por considere que ia utilizar uma PAFC (celula de combustivel de acido fosforico)
com uma utilizacdo de combustivel de 85% face a uma utilizacdo de oxidante de 70%.
Calcule: 1.1) O consumo de hidrogenio em mole/h.

1.2) O consumo de gas combustivel em kg/h

1.3) O fornecimento de oxidante en kg/h e L/h

1.4) A producdo de agua em L/h. (Massa volumica da agua = 1 g/cm3)

1.5) A composic¢ao molar final dos efluentes gasosos (combustivel e ar)
2) Calcule o caudal de hidrogénio em g/h necessario para gerar uma corrente de 1 Ampere
numa pilha de combustivel (Constante de Faraday = 96 485.3365 Colomb / mole).
15//12/2021
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Problema IV

3) Determine a area total necessaria para a pilha de combustivel se a producéo elétrica for de
2 MW e a operacao decorrer nas seguintes condi¢coes: 600mV e com uma densidade de
corrente de 430 mA/cm?.

" 4) Se cada célula apresentar uma area de 1m2 e o nimero de células por stack for the 280.
Calcule o0 nimero de stacks necessarios.

5) Calcule a producéo elétrica da pilha PAFC.

6) Admita agora que ia utilizar uma MCFC (célula de combustivel de carbonato fundido) com
uma utilizacao de combustivel de 75% face a uma utilizacédo de oxidante de 60%. Calcule:

6.1) O consumo de hidrogénio em mole/h.

6.2) O consumo de gas combustivel em kg/h

6.3) O fornecimento de oxidante em kg/h

6.4) A quantidade de CO, transferido do catodo para o anodo em mole/h

6.5) A producao de agua em L/h

6.6) A composicao final dos efluentes gasosos (combustivel e oxidante) em mole/h

+ 7) Compare cada uma das pilhas PAFC e MCFC em termos de:
7.1) Consumo de hidrogenio em mole/h.
7.2) Consumo de gas em kg/h
7.3) Consumo de oxidante em kg/h
7.4) Producao de agua em L/h
15//12/2021 7.5) Producéo elétrica
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To produce electricity by a fuel cell system, 950 kg/h of gas with the composition indicated

Problem IV

Hidrogenio e Novos Vectores Energéticos — 2021/2022

below is used, together with two oxidizing gases having the following compositions.

Fuel Gas Composition | (% molar)
CO 1.3
CO, 17.6
H, 77.7
CH, 2.1
H,O 1.3
Molecular Weight (MW) 10.23

1) Considere that a PAFC (fosforic acid fuel cell) is going to be used with 85% of fuel gas

and 70% of oxidant. Determine:
1.1) Hydrogen consumption in mole/h
1.2) Fuel gas consumption in kg/h

1.3) Air supplied in kg/h and L/h

Oxidant Schn it Air and CO,
(% molar) Composition
CO, 0 30.1
N, 78 54.5
0, 20.5 14.3
H,O 1.5 1.0
Total 100.0 100

MW 28.67

1.4) Water production in L/h (Water density = 1 g/cm?)
1.5) Final gases composition (flue gas and air)
2) Determine the H, flow rate (in g/h) necessary to produce a current of 1 Ampere in a fuel
cell. (Faraday Constant = 96 485.3365 Colomb / mole).
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Problem IV

3) Calculate the total area of the fuel cell necessary for the production 2 MW, when the
operation takes place under the following conditions : 600mV and with a current density of 430
mA/cm?,

4) If each cell has the area of 1m? and the number of cells by stack is 280. Calculate the number
" of stacks needed.

5) Calculate electricity production of previous PAFC.

6) Consider that a MCFC (molten-carbonate fuel cell) is going to be used with 75% of fuel gas
and 60% of oxidant. Determine:

6.1) Hydrogen consumption in mole/h

6.2) Fuel gas consumption in kg/h

6.3) Oxidant supplied in kg/h

6.4) The amount of CO, transferied from the cathode to the anode in mole/h

6.5) Water production in L/h

6.6) Final gases composition (flue gas and oxidant) in mole/h

. 7) Compare the PAFC with the MCFC considering:
7.1) Hydrogen consumption in mole/h .
7.2) Fuel gas consumption in kg/h
7.3) Water production in L/h
7.4) Oxidant consumption in kg/h
7.5) Electricity production

15//12/2021
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Hidrogénio e Novos Vectores Energeéticos — 2021/2022

Problema de Revisao

Pretende-se produzir hidrogénio a partir de “reforming” com vapor do gas natural com a
composicao a seguir indicada, considere que a conversao global dos hidrocarbonetos e do
CO durante o “reforming” é de 87% ¢ que ocorrem as reac¢des a seguir indicadas. A

" conversao das reaccOes de hidrocarbonetos que originam CO é de 60%, engquanto gue as
reaccOes de hidrocarbonetos que produzem CO, e de 40%. Admita que apenas o CO inicial

participa na reacao 5). Calcule:

% molar
Metano 73.5
Etano 4.5
Azoto 4
Monoxido de Carbono 10
Dioxido de Carbono 8

|

Principais Reac0es
1)CH,+H,0 5 CO+3H,
2)CH,+2H,0 5 CO,+4H,
3)C,H,+2H,0 5 2CO+5H,
4)C,H,+4H,0 5 2CO,+7H,
5CO+ H,O0 5 CO,+H,

a) A composicao final do gas seco (% molar) apds “reforming”.

b) O caudal total de gas seco produzido apds “reforming” em m%h a temperatura de 135°C
se 0 caudal de gas natural for de 65 m3h (T=25°C).
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Hidrogenio e Novos Vectores Energéticos — 2021/2022

Problema de Revisao
c) Supondo que 15% do gas seco produzido diariamente por “reforming” ¢ escoado em
reservatorios de 50 L a temperatura ambiente e a pressdo de 245 atmosfera, calcule o
numero de reservatorios necessarios para o efeito (V = C Vt).

" (dm3) T (°C) 245 atmosfera
C 22 798
30 795
d) O caudal molar de H, em moles/h. Admita a composi¢cao molar do gas seco calculada

em a).
Massa Volumica H, = 0,0898 (g/NL), Massa Molecular H, = 2g /mole.
e) A entalpia do gas seco produzido apés “reforming” (H=m Cp A T). Considere que o gas
sai a temperatura de 750 °C. Admita a composi¢cao molar do gas seco calculada em a).
Cp gas (cal/mole °K) = 8,980 gas seco a 750 °C

f) A entalpia do gas himido produzido apds “reforming” a 750 °C, se o gas apresentar um
teor de vapor de 15% face a quantidade de gas seco.

Cp H,0 Liq (cal/g°C) =1
Cp H,O Vapor (cal/mole °C) = 9.861 (750°C)
AH vaporizagdo H,O = 9717 cal/mole

15//12/2021



Filomena PiNt0  p— wmmsmssnn  Hidrogénio e Novos Vectores Energéticos — 2021/2022

Revision Problem

To produce hydrogen from natural gas steam reforming, the gas with the composition shown
below is used. Consider that the overall conversion of hydrocarbons and CO during
reforming is 87% and that hydrocarbons conversion into CO is 60%, while hydrocarbons

© conversion into CO, is 40%. Consider that only the initial CO participates in reaction 5).
Calculate:

a) The dry gas composition after reforming in mole % of dry gas.
b) The total dry gas flow produced after reforming in m3/h at 135°C, if the natural gas flow

rate is 65 m3/h at 25°C.

15//12/2021

% molar Main Reactions
Methane 73.5 1)CH,+H,0 s CO+3H,
Ethane 4.5 2)CH,+2H,0 s CO,+4H,
Nitrogen 4 3)C,Hg+2H,0 5 2CO+5H,
Carbon Monoxide 10 4)C,Hs+4H,0 5 2CO,+7H,
Carbon Dioxide 8 5)CO+ H,0 5 CO,+H,
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I

c)

d)

e)

Revision Problem

Assuming that 15% of the dry gas produced daily by reforming is bottled in 50L
reservoirs at ambient temperature and at 245 atmosphere, calculate the number of
reservoirs required for this purpose (V = C Vt).

(dm3) T (°C) 245 atmosphere
C 22 798
30 795

The molar flow rate of H, in moles/h, assuming the molar composition of the dry gas
calculated in a).

H, Density = 0.0898 (g/NL), H, Molecular Weight = 2g /mole.

The enthalpy of the dry gas produced after reforming (H = m Cp A T). Consider the
molar composition of the dry gas calculated in (a) and that the gas exits at 750°C.

Cp gas (cal/mole °K) = 8.980 dry gas at 750°C

« f) The enthalpy of the wet gas produced after "reforming" at 750 °C, if steam content is 15%

of dry gas flow rate.

Cp (Specific Heat) H,O Liq (cal/g°C) = 1

Cp H,O Vapour (cal/mole °C) = 9.861 (750°C)

AH evaporation H,O = 9717 cal/mole (Latent heat of evaporation)
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