ENGINEERING TRIPOS PART IIB
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Module 4M15

SUSTAINABLE ENERGY

Answer not more than two questions.

All questions carry the same number of marks.

The approximate percentage of marks allocated to each part of the question is

indicated in the right margin.

Attachment: Thermodynamic Data Sheet (1 sheet)

STATIONERY REQUIREMENTS SPECIAL REQUIREMENTS
Single-sided script paper. Engineering Data Book.
Single-sided graph paper. CUED approved calculator allowed.

You may not start to read the questions
printed on the subsequent pages of this

question paper until instructed that you
may do so by the Invigilator
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1 A sugar producer wants to take heat from a nearby power station. A diagram of
the most energy intensive part of the sugar producing process, which involves the
evaporation of water from a sugar solution, is shown in Fig. 1. The first evaporation is
carried out at 120 °C and 1.985 bar. The resulting sohution is then cooled to 100 °C
before the second evaporation at 1 bar. The steam leaving the evaporators must be
condensed (at constant pressure) and cooled to 40 °C before the water can be released
into a nearby river.

() Considerable savings in energy can be achieved by heat integrating the
process shown in Fig. 1.

(i) Plot the hot composite curve for the process (i.e. streams [1], [2] and
[3]). Assuming the boiling takes place at a constant pressure, how much
heat must be supplied to each of the evaporators? [30%]

(i) By interval analysis (or otherwise), and treating the heat load required
by an evaporator as a “cold stream”, calculate the minimum amount of heat
which must be supplied to this process. In this limiting case, plot the cold
composite (i.e. the heat sinks) on the same graph as the hot composite curve
and suggest why the answer is physically unreasonable. [30%]

(iii) From your plots of composite curves, suggest why a temperature
difference of AT,,;, = 20 °C at the pinch is reasonable. For AT,,;, = 20 °C,
how much heating must now be supplied? Sketch how the process would
look if this was realised in practice. [20%]

(b) What is the absolute maximum amount of work which could be generated
by the power plant at a marginal efficiency of 100%, if the heat source at the power
plant is at 1200 K? [10%)]

(¢) The owner of the sugar factory argues that since all the heat used by the
sugar factory is now waste heat, the environmental burden (i.e. emissions of CO,) of the
sugar factory arising from its heat demand is now zero. The operator of the power plant
which sells the heat disagrees. Describe another way in which the environmental burden
could be allocated. [10%]

(cont.



‘Evaporator 1 Evaporator 2
[1]1kgs™, 1.985 bar, )
120 °C, saturated [3] 1okg s 1 bar,
vapour 100 °C, saturated
‘ ‘ vapour
[2] 2kgs™

=
3kgs™, 1 bar, 1 bar,
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saturated liquid o 1in saturated liquid
liquid g liquid
Heating Heating
N.B. stream [2] is to be cooled to saturated liquid at 1 bar before
entering evaporator 2
Fig. 1
Data:

For simplicity, the properties of the sugar solution can be considered to be those of pure
water. The heat of vapourisation of water should be assumed to be independent of
pressure and have a value of 2260 kJ kg™. The heat capacity of the water should be
assumed to be constant at 4.2 kJ kg “. The liquid and vapour leaving the evaporators are
saturated.

(TURN OVER
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2 (a) A partial oxidation plant (Fig. 2) is used to produce pure H, for use in fuel
cell vehicles. The purpose of the shift reactor is to remove all of the CO (the shift
reaction may be assumed to go to completion). The partial oxidation and shift reactors
are both cooled via cooling coils which are supplied with saturated water at 2 bar,
whose flow rate is adjusted to produce saturated steam at the same pressure. This steam
is then exported to other processes which use it as a heat source. Any heat rejected by
the separation unit is simply released into the environment.

(i) For a feed of 1 kmol s of CHy, how much steam does the plant
export in total (i.e. from both the partial oxidation and shift reactors) ? [20%)]

(i) What is the total exergy loss due to irreversibilities in the partial
oxidation and shift reactors? [30%]

(iii) What is the exergetic efficiency of the overall process, given that the
éxergy of the methane entering the plant is 829.8 MJ kmol™? You may
neglect the input of exergy to the plant associated with the O,. [25%)]

(b) The hydrogen is to be compressed (isothermally and reversibly) to 300 bar
for storage on board the vehicles. The hydrogen is throttled isenthalpically to 1 bar and
298.15 K, before being fed to the fuel cell. What is the CO, foot-print of 1 km of travel
using the H, fuel? Assume that the CO, in (a) is released into the atmosphere and that
only the production of H; and its compression significantly contribute to the lifecycle of
H, fuel. Comment on your answer. [25%]

(cont.
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298.15K, 1 bar

water steam steam water

1 kmol s .
CHyg, Separation
298.15K, st process
1 bar oxidation reactor ,
reactor 298.15 K,
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1.25 kmol s™ Oy, 298.15 K, 1 bar " H,O,), 298.15K, 1 bar
Fig. 2 ;
Data:

The environment is defined to be: 7, = 25 °C (298.15 K), P, = 1 bar. The
atmosphere may be assumed to consist of 79% N, 21% O,, 0.04% CO; (molar
composition). Water may be assumed to be a pure liquid in the environment.

Electricity from the national grid provides the work needed for compression with a
CO; footprint of 0.166 kg of CO, per MJ delivered.

The exergetic efficiency of the fuel cell operating on H; at 1 bar is 50%. The fuel
cell must deliver 2 MJ of work to the drive system, per kilometre driven.

The relative molecular mass of CO; is 44 kg kmol ™.

A data sheet is provided which gives thermodynamic data for various

chemical species relative to a mutually consistent standard state. All gases may be
assumed to be ideal.

(TURN OVER



3 A lobby group thinks that the Government's target of a 20% cut in CO, emissions
from the transport sector can be met entirely through the use of biofuels. Others
disagree and think that these cuts can be achieved by changes to the powertrain of cars
to give a radical increase in efficiency. Discuss the technologies involved and present a
reasoned argument for the pros and cons of these two approaches to cutting emissions.
Ilustrate your answer with a graph of the torque vs. speed characteristics for a typical
petrol engine; on this graph sketch the contours of constant specific fuel consumption
and constant power, with justifications. [100%]

END OF PAPER
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