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Problema |

Supondo que se pretende produzir hidrogénio a partir de “reforming” do gas natural com vapor,
considerando que o gas natural apresenta a composicao a seguir indicada e que a conversao

global da reaccéao de “reforming” é de 90%. Admita que o vapor de agua condensa e conside 0
gas seco. Calcule:
1) A composicao final do gas admitindo que ocorre somente a reaccao de formacao de CO a
partir de “reforming” de metano (CH, + H,O s CO + 3 H,).

A composicao final do gas admitindo que ocorre também a conversao do etano.

==sessssn Hidrogénio e Novos Vectores Energeticos — 2017

A composicao final do gas admitindo que para além das reaccdes anteriores, ocorrem
também as reaccdes correspondentes a formagéo de CO, (CH,+2H,0 s CO,+4H,e
C,Hs+4H,O0 s 2CO,+7H,). Admita que a converséo desta reaccao € de 40%.

O caudal de hidrogénio produzido a temperatura ambiente (25°C) e nas condicdes
consideradas na alinea 3), se o caudal total de gas apds “reforming” a temperatura de

100°C for de 199 m3/h.

O caudal de hidrogénio produzido se o caudal de gas natural for de 39,1 m3/h (T=25°C).
A quantidade molar de vapor utilizado para as condi¢cbes da alinea 3), considerando um

excesso de vapor de 70%.

Supondo que 10% do gas produzido diariamente por
“reforming” € escoado em reservatérios de 50 L a
temperatura ambiente e a pressao de 245 atmosfera,
calcule o numero de reservatorios necessarios.

23rd March 2017
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Problema |

1) A composicéo final do gas admitindo que ocorre somente a reaccao de formacéo de CO
CH,+H,O s CO+3H,
95 moles
2) Que ocorre também a conversao do etano.
CHs+2H,O0 5 2CO+5H,
2,5 moles

3) Que para aléem das reaccdes anteriores, ocorrem também as reacc¢des correspondentes a
formacéo de CO,

CH,+2H,0 5 CO,+4H, 40%
C,Hy+4H,0 5 2CO,+7H, 40%.
4) P,V, = nRT, P,V, = nRT,

7) V = C*Vt
V € o0 volume de gas em condicdes normais de P e T (1 atmosfera e 25°C), Vt volume do
tanque e C factor de compressao, € funcédo da temperatura e pressao do gas.

(pe?) T (°F) 3 600 Psi
76 210.8
C
23rd March 2017 /8 210.1
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Problem |

To produce hydrogen from natural gas reforming is used a gas whose composition is

shown in the following table. The global conversion of reforming reactions is 90%.

After steam condensation the produced gas is dry. Determine:

1) The final gas composition, if only the next methane reforming reaction occurs.
CH,+H,0 5 CO+3H,.

2) The final gas composition if ethane reforming reaction also occurs.

3) The final gas composition if methane and ethane reforming reactions leading to

CO, formation also take place (CH, + 2 H,O0 s CO, + 4 H,). Please consider that

these reactions conversions are 40%.

4) Hydrogen flow rate at 25°C in the conditions of 3) if total reforming gas flow rate is

199 m3/h at 100°C.

5) Hydrogen flow rate, if the flow rate of initial gas is 39,1 m3/h (T=25°C).

6) Steam molar flow rate in the conditions of 3) if an

excess of 70% of steam is used.

_ _ % molar
7) Consider that 10% of the gas produced by day is
compressed till 245 atmosphere and stored in tanks MeliS £
with 50 L at 25°C. Ethane 2.5
Determine the number of tanks needed. Propane 0
Nitrogen 1.6
23rd March 2017 Carbon Dioxide 0.9
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Problem |

1) Consider that only the next reaction occurs
CH,+H,O0 s CO+3H,
95 moles
2) Consider that the next 2 reaction occur.
CH,+H,O s CO+3H,
95 moles
CH;+2H,O0 5 2CO+5H,
2.5 moles
3) Besides the previous reactions, the following ones also take place:

CH,+2H,0 5 CO,+4H, 40%
C,Hs +4H,0 5 2CO,+7H, 40%.
4) PV, =nRT, P,V, = nRT,

7) V = C*Vt

V is the H, 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
23rd March 2017 (ft3) 78 210.1
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PROBLEMA I

Pretende-se produzir hidrogenio a partir de gasificacao de carvao. Supondo que se
pretende projectar uma instalacao para processar cerca de 37 000 ton/ano de carvao
com 10% de humidade e 15% de cinzas. Calcule:

1) A capacidade horaria que projectava para a instalacdo, se a instalagcao parar um meés
em cada seis para limpeza e manutencao.

2) O volume total de gas produzido (em m?3/h) se a conversao gasosa for de 60% (em
massa) e 0 gas apresentar a seguinte composicao volumétrica.

% VIV
CO 24
CO2 2F
H2 36
CHa4 10
Massa Volumica (MVg,) CnHm 3
MV, = yCOx%1,2501+ yH,*0,0898 + yCH,x0,7167 + yC Hx1,2644 +yCO,%x1,9768
(9/NL)

3) O PCS do gas a saida do gasificador.
PCSgs = YCO x 12625 + yH, x 12750 + yCH, x 39710 + yC H,, X 62930 (J/NL)

23rd March 2017
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PROBLEMA Il

4) O rendimento volumétrico do gas (LN/g ssc de gas)

oy 213,15
i 273,15+tamb

=g x (14, W)

G, — caudal volumétrico de gas (L-min™)

t., — temperatura ambiente (°C)
S,, — caudal de alimentagao do combustiveil sélido (g-min-t)
W,, — fraccdo massica da humidade do combustivel tal qual
W, — fraccao massica de cinzas do combustivel tal qual
5) A quantidade de Hidrogénio produzida em kg/h a saida do gasificador.
6) Calcule a converséao global massica do carvao em hidrogénio a saida do gasificador.
7) Proponha um diagrama para o processo de conversao de carvao em hidrogénio.
8) Quais considera serem 0s pontos mais criticos da instalacédo e como poderia controla-los.

9) Se apos a limpeza e melhoramento do gas de gasificacao, o rendimento global em
hidrogénio for de 6%, qual seria a quantidade de hidrogénio que seria produzida em m?3/dia.

10) De que forma poderia simplificar o diagrama de processo, se em vez de carvao a

Instalacao utilizasse biomassa florestal.
23rd March 2017
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PROBLEM I

Hydrogen is produced from coal gasification. The amount of coal available to be used in
this installation is about 37 000 ton/year This coal has a moisture content of 10% and
15% of ashes. Determine:

1) Coal flow rate per hour, considering that the installation stops one month for each six
for cleaning and maintenance.

2) Volumetric gas flow rate (in m3/h) for a gas conversion of 60% (in weight), considering
the gas composition of the following table.

% Vviv
CO 24
CO2 27
H2 36
CHa 10
CnHm 3

MVs,s = YyCOx1,2501+ yH,x0,0898 + yCH,x0,7167 + yC H,%x1,2644 +yCO,x1,9768
(g/NL)
3) HHV of gas leaving the gasifier.

HHV,. = yCO x 12625 + yH, x 12750 + yCH, x 39710 + yC H,_ x 62930 (J/NL)

23rd March 2017
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PROBLEM I

4) Gas yield (LN/g daf)

(G x 21315 )
i 273,15+tamb

=g (14 W)

G, — gas flow rate (L-min-1)

t.., — ambient temperature (°C)
S,, — feedstock flow rate (g-:min-1)
W,, — feedstock moisture content (w/w)
W, — feedstock ashes content (w/w)
5) The amount of H, (kg/h) in the gas leaving the gasifier.

6) The mass global conversion of coal into H, in relation to the gas leaving the gasifier.

7) Draw a flow sheet with the main unit operations from coal gasification till H, production.

8) Mention the more important unit operations for achieving a pure H, stream.

9) The amount of H, produced (in m3/day) if after gas cleaning and upgrading, the global H,
conversion increases to around 6%.

10) If instead of coal it was gasified forestry biomass, how the flow sheet considered for coal

could be simplified.
23rd March 2017
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Problema 11

Admita que o consumo anual de energia em Portugal é de cerca de 4,2 milhdes de tep
(1tep=41 868MJ). Considere que cerca de 60% das necessidades energéticas eram
asseguradas pela producao de hidrogenio por electrolise da agua, que as perdas de energia
no sistema sao de cerca de 35% e que os rendimentos globais para a producéo de

hidrogénio por electrélise, consoante a fonte de energia renovavel, seriam os apresentados
na tabela sequinte.
Rendimento Global (%)

Hidroelétrica 65 - 80
Solar Fotovoltaica 3 -17
Solar Térmica 7-24
Edlica 25 - 30

1) Calcule a energia necessaria (em kJ) por dia e por pessoa para produzir hidrogénio por
electrolise da agua, se a energia necessaria for fornecida pelas seguintes fontes renovaveis.
Considere que existem 10 800 000 habitantes:

a) Hidroeléctrica

b) Solar térmica

c) Solar fotovoltaica

d) Eodlica

23rd March 2017
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2)

3)

4)

5)

6)

/)

Problema 111

Considere que a energia que é necessario fornecer ao sistema para provocar a
reaccao de electrolise é de 286 kJ/mole. Calcule a quantidade de dgua necessaria (em
L por dia e por pessoa) para produzir hidrogénio por electrélise da agua.
Calcule o caudal de H, produzido (m?3/h), considerando que a massa volimica do H,
e 0,0898 g/NL.
Calcule o acrescimo no consumo diario de agua provocado pela producao de
hidrogénio por electrélise da dgua, considerando as fontes renovaveis anteriormente
referidas. Admita que o consumo anual de agua por habitante em Portugal € de
76 000 litros/habitante.
Qual a fonte de energia renovavel mais penalizante em termos energéticos e de
consumo de agua. Justifique.
Calcule a reducao nas emissdes de CO, pelo facto de 60 % das necessidades
energeéticas serem asseguradas pela producao de hidrogénio, considerando que sédo
emitidas 5109 de CO, por cada kWh de energia produzida a partir de combustiveis
fosseis e que a contribuicdo das energias renovaveis para a producao energética se
mantinha em 21%.

1 kwWh =3 600 000 J
Determine a percentagem de reducdo da emissao direta de CO,, se o H, produzido
por eletrolise utilizar energia hidroelétrica (60%) e energia eolica (40%) em relacao
ao uso exclusivo de energia hidroelétrica (100%).

23rd March 2017
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Problem |11

Annual consumption of energy in Portugal is around 4.2 x10° tonne of oil
equivalent (toe) (1toe = 41 868MJ). 60% of this consumption is obtained from
hydrogen produced by water electrolysis and the energetic losses of this process
are around 35%. The energy necessary for electrolysis may be supplied by one of
the following renewables.

Global Yield
Hydroelectric 65 - 80
Solar Photovoltaic 3 -17
Solar Thermal 7-24
Wind 25 - 30

1) Determine the energy necessary (in kJ) per day and per person to produce
hydrogen by water electrolysis, considering that the needed energy is supplied by
the following renewables:

a) Hydroelectric

b) Solar Photovoltaic

c) Solar Thermal

d) Wind
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Problem 111

2) If the energy necessary for the electrolysis reaction is 286 kJ/mol, determine
the amount of water necessary per day and per person to produce hydrogen
by water electrolysis.

3) Determine H, flow rate (m3/h). H, density is 0,0898 g/NL.

4) If the annual water consumption is around 76 000 litre /person in Portugal,
determine the increase in water consumption due to hydrogen production
by water electrolysis for each of the renewable mentioned before.

5) What is the renewable resource that obliges to higher water and energy
consumption. Justify your answer.

6) Determine the reduction in CO, emissions when 60% of the energy
consumption is obtained from hydrogen. Consider that CO, emissions are
around 510g / kWh when fossil fuels are used and that renewable
contribution to energy production is 21% for both situations.

1 kWh = 3 600 000 J

7) Determine the percentage of reduction of CO, direct emissions, if the H,
produced by electrolysis uses hydroelectric power (60%) and wind power
(40%) in relation to the use of only hydroelectric power (100%).
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Problema IV

Admita que a partir de gasificacdo de biomassa se produz 245 m3/h de géas de sintese, o qual apos
operacoes de limpeza sofre um aumento de cerca de 35%. Para aumentar a conversao em
hidrogénio, o metano sofre “reforming” com vapor e depois o gas obtido é submetido a reaccao 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 o caudal massico de H, (kg/h) antes e ap0s as operacoes de limpeza. Admita que a
massa volumica do gas pode ser determinada pela equacgéo seguinte:

MV, = yCOx1,2501+ yH,x0,0898 + yCH,x0,7167 + yCnHmMx1,2644 +yCO,%x1,9768 (g/NL)

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

4) Determine a percentagem massica do gas antes e apos as operacoes de limpeza. Comente 0s
valores obtidos, comparando-0s com a percentagem molar.

5) Calcule a composi¢ao volumétrica do gas seco apos “reforming” do metano com vapor.
Considere que ocorrem as reagdes CH, + H,O & CO + 3 H,, (70% do metano que reage) e
CH,+2H,0 s CO, +4H, (30% do metano que reage), que 80% do metano existente e
convertido e que 60% do CO inicial é convertido em CO, (CO + H,0 s H, + CO,).

Gas de Sintese (%) Apos gasificacdo | ApoOs Limpeza
H, 33 60
CO 25 15
CO, 15 20
CH, 22 5
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Problema IV

6) Para aumentar a conversdao em hidrogénio, apos “reforming” do metano com vapor, 0 gas €
submetido a reacgdo de “water gas shift”. Calcule o caudal volumétrico (gas seco) de H, se
90% do CO existente for convertido em CO, e H,. Admita que todo o metano restante e
convertido em CO e H,.

7) Calcule a composicao volumétrica do gas seco apos a reaccao de “water gas shift”.

8) Se o caudal de vapor utilizado para a operacdo de “reforming” do metano for de 200 m3/h a
150 °C, qual sera o caudal de vapor a introduzir na operacao de “water gas shift”,
admitindo que o gas ndo é arrefecido, nem ocorre condensacao de vapor entre as duas
operacoes.

9) Calcule a energia que € 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 sao cerca de 15% da entalpia da corrente de saida deste reactor.

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

CH,+H,0 s CO+3H, 205,9 kJ/mol
CH,+2H,0 5 CO,+4H, 164,7 kJ/mol

Cp (gas seco a 750 °C) = 8,980 cal/mole °K

Cp (gas seco a 850 °C ) = 8,914 cal/mole °K

Cp H,0O Liq =1cal/g°C

Cp H,O Vapor (150°C) = 8,185 cal/mole °C

Cp H,0 Vapor (850°C) = 10,145 cal/mole °C

AH vaporizagao H,0 = 9717 cal/mole

Massa volumica H,O Lig. = 1kg/L Massa volumica H,O a 150°C = 0,516 kg/m?®
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Problema IV

10) 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

11) Calcule a energia que é necessario fornecer ao reactor de “water gas shift”. Admita
que o gas entra a temperatura de 750 °C e vai sair a 600 °C. Considere que que as
perdas de energia sdo cerca de 23% da entalpia da corrente de saida deste reactor.

Dados: CO +H,0 5 CO,+H, -41.0 kJ/mol

Cp H,O Liq (cal/g°C) =1

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

Cp H,O Vapor (cal/mole °C) = 9.559 (600°C)

AH vaporiza¢ao H,0O = 9717 cal/mole

12) Calcule gqual a percentagem que as perdas de energia poderiam ter (em relagao a entalpia
da corrente de saida do reactor de “water gas shift”) para operar sem fornecimento de
energia.
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Problem IV

Synthesis gas with a flow rate of 245 m3/h is produced by biomass gasification. After syngas cleaning and

upgrading gas flow rate increases 35%. 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 H, flow rate (kg/h) before and after syngas cleaning and upgrading operations.

MV, =yCOx1.2501+ yH,x0.0898 + yCH,x0.7167 + yCnHmMx1.2644 +yC0O,%x1.9768

(9/NL)

3) What are the reasons for the increase H, flow rate calculated in 2).

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

5) Determine dry syngas volumetric fraction after methane reforming operation, considering that 80%
of initial methane and 60% do CO are converted by reactions:
CH,+H,0 s CO + 3 H,, (70% of converted methane)
CH,+2H,0 5 CO,+ 4 H, (30% of converted methane) CO+H,0s H,+CO,

6) To increase H, content, water gas shift is used after CH, steam reforming. Determine H, flow rate
(m?3/h) after water gas shift, if 90% of initial CO is converted into CO, and H, and all methane is
also converted into CO and H,.

Sinthesis gas (%) | After gasification | After Cleaning and upgrading
H, 33 60
CO 25 15
CO, 15 20
CH, 22
23rd March 2017
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Problem 1V

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

8) If the steam flow rate used for methane reforming is 200 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.

9) 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 15% of the enthalpy of the output gas.

CO+H,0 s CO,+H, -41.0 kJ/mol
CH,+H,O0 5 CO+3H, 205.9 kJ/mol
CH,+2H,0 s CO,+4H, 164.7kJ/mol

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

Cp (dry gas at 850 °C ) = 8.914 cal/mole °K

Cp H,O Liq =1 cal/g°c

Cp H,O Vapour (150°C) = 8.185 cal/mole °C

Cp H,O Vapour (850°C) = 10.145 cal/mole °C

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

Density H,O Liqg. = 1kg/L

Density H,O at 150°C = 0.516 kg/m?

23rd March 2017



Filomena Pinto  m— =meesssn Hidrogénio e Novos Vectores Energéticos — 2017

Problem 1V

10) 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

11) 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 23% of the enthalpy of the output gas.

CO+H,0 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,O Vapour (cal/mole °C) = 9.559 (600°C)
AH evaporation H,O = 9717 cal/mole (Latent heat of evaporation)

12) 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.

23rd March 2017



Filomena Pint0  eo—

Proposta

seesesssssn  Hidrogénio e Novos Vectores Energéticos — 2017

Apresentacoes | Entrega dos
dos Trabalhos | Trabalhos

Saida das Notas

Todos 0s
Grupos

19 de Maio 27 de Maio

6 de Junho

Teste

1 de Junho, 9:30h, Sala: 8.2.30

6 de Junho

Aula de Duvidas da Parte Teorico-Pratica — 27/5/2015

Exame 1.2 Epoca - 8 de Junho, 9H00, Sala 8.2.39
Exame 2.2 Epoca - 1 de Julho, 9H00, Sala 8.2.10 e 8.2.11
Epoca Especial - 21 de Julho, 9HO00, Sala 8.2.15

23rd March 2017






