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Piping and instrumentation 
diagrams

• Intended to show the details of all pipes, valves, sensors/
transducers of the process. 

• If it were “your” process, you would want to know everything. 

• There may be bypasses, multiple pumps, extra valves, heat 
exchangers in series, backup thermocouples, … 

• that are not shown on the process flow diagram but might be 
important in an emergency or just for maintenance  

• The Imperial Instructors take this knowledge of the hardware 
very seriously so you will get a lot of time to trace every 
connection in the plant 











Imperial Flowsheet



Pipes!



Cables, transducers, 
thermocouples



Infra-red Spectroscopy



Control:  driving a car
• If we just stick the basic situation… 

• You are driving a car on a “test track” with no 
other cars. 

• The goal is to drive a preferred “line” at 
constant speed. 

• How could this be accomplished?



Driving car
• Feedback control 

• You could be watching or listening to see/hear if you are “on” the 
track (or preferred “line”) 

• Yes: do nothing, No: correct back (on/off) 

• Pretty crude and might not get you back on in time 

• You could have in mind a range of paths that are more or less 
desirable.  As you get away from a more desirable position, you 
correct or correct harder 

• The second might work, but you could be surprised if the path 
changes



Driving Car
• Feedforward Control 

• You look at the road ahead and turn the wheel according to a 
specified set of rules or equations that are presumed to be 
adequate to keep the car on track.  In the simplest 
idealization you are not looking at where you are on the road, 
only what is coming up. 

• The ability to anticipate is certainly a benefit and if all goes 
will could get the car almost exactly on track 

• If something goes wrong, e.g., the road has bumps or 
some slope, then the specified turning won’t work perfectly.



Driving a car
• We could also mention: Sensitivity/stability 

• Let’s not.. 

• or just say you will have to drive different vehicles 
differently! 

• So what you really use is a combination of feedback and 
feedforward control 

• With feedback you use a complex algorithm that 
includes thinking of how fast the car is returning to the 
path.



Process control
• These same principles apply to chemical processes. 

• Feedback to make sure you are on track 

• Feedforward to anticipate “upsets” — say from 
fluctuations in the feed concentration or 
temperature 

• For either driving or a chemical process, you need 
specifications (e.g., concentration) from which you 
create “setpoints”.



Simple process example



Feedback:  Measure output, 
adjust input



Feedforward



Our Process



Coal/w sequestration (+NG)

Figure 2:  Coal-fired Power Plant with CO  Sequestration and 145 MW of NGCC Capacity Added to Maintain 600 MW2
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Figure 3:  Coal-fired Power Plant with CO  Sequestration and 145 MW of Grid Capacity Added to Maintain 600 MW2

Notes: (a) GHGs (CO , CH , and N O) expressed in million tonnes CO -equivalents/yr at 100% capacity;  (b) Change in GWP and change in fossil energy consumption compared to reference2 4 2 2

(U.S. mid-continental grid mix is 64.7% coal,  5.1% lignite, 18.4 10.3% hydro, and 0.1% oil)% nuclear, 1.4% natural gas, 

Increase in
 fossil energy
consumption

 = 24.7% (b)

mining

mining
transportation

transportation

system boundary

nat gas prod & dist

0.24/yr (a)

0.04/yr (a)

pipeline transport
of CO  = 2 MW2

0.01/yr (a)

0.42/yr (a) 1.09/yr (a)

600 MW Coal w/CO  
sequestration

net power = 457 MW

2 grid = 145 MW

GWP reduction
 = 59.5% (b)

Total
1.80 million tonnes
 CO equivalent/yr 2 

(a)

+
CO seq.
3.78/yr 

2 
(a)

600 MW
electricity out

e

2,607 MW
fossil

 energy in

th

Figure 2 shows that if natural gas is used to account for the lost capacity then the net reduction in
GWP from the reference system (shown in Figure 1) is only 71% and the fossil energy consumption
increases by 17%.  The net reduction in GWP is not as large if the additional capacity comes from
the grid.  However, there is still a savings of 60% with a 25% increase in fossil energy consumption
(Figure 3).

In order to further reduce the GWP of the system, CO2 could be sequestered from successive power
plants.  For example, in the NGCC case, the CO2 from the 145 MW NGCC plant could also be
sequestered.  In this case, the GWP for the system is reduced by 77% from the reference system
(shown in Figure 1) with a 20% increase in fossil energy consumption.  One could continue to
sequester CO2 from the last fossil fueled power plant but it was found that further sequestering of
CO2 reduces the system GWP and increases the fossil energy consumption by negligible amounts
compared to the values stated above.

COMPARISON TO BIOMASS-BASED ELECTRICITY

Past NREL LCA studies5,6 have shown that biomass-based electricity production has the opportunity
to make significant reductions in greenhouse gas emissions per kWh of electricity produced.  Figures



Expected “specs”
• CO2 concentration in Absorber exit is below ~1% or 5%  

• Either because the other gas needs a specified purity or 
because you are required to remove a certain fraction of 
the CO2 

• adjust temperature of input MEA stream (easy) 

• adjust flowrate of input MEA stream (easy, but 
propagates back through the process and changes 
concentration only in certain ranges) 

• remove more CO2 from MEA in stripper



For dilute systems:

• V is the gas flow rate in moles/time 

• K’y is the appropriate mass transfer coefficient 

• a is the area of gas-liquid contact per volume of packed bed 

• S is the cross sectional area of the column 

• y is the mole fraction of the component in the gas 

• y* is the equilibrium value of the transferring gas component in the liquid. 



Expected spec

• Nitrogen in exit CO2 stream 

• Change temperature in absorber 

• Water vapor in exit MEA stream 

• More/colder water in condenser 



Propagated effect

• If you change the MEA flowrate or want to 
change the concentration of CO2 in the MEA 
feed, the reboiler steam rate will have to be 
adjusted



Vapor Compression Refrigeration

• Very common process for creating cold or liquifying a gas 

• Can be used to “pump heat” 

• The Carnot efficiency can be greater than 1 since you are just 
pumping heat, not turning heat into work 

• Usually you have a temperature requirement on the cold side 
(evaporator) because this what you want to cool. 

• You also have a temperature range for being able to successfully 
expel the heat (outside your car or refrigerator) 

• The pressures are adjusted to match these temps. 

• Flowrate of refrigerant provides require cooling capacity



134a: “car cycle”

Carnot COP= 
273/(323-273) = 5.5



Experimental device
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Transparent vessels are used for the evaporator and condenser chambers and this allows 
visualisation of boiling and condensation. Heat exchanger coils, through which water passes, are 
used both to provide heat to the evaporator and to extract heat from the condenser. It is 
possible to measure the mass flow rate and temperatures drop (or rise) for the heat-exchanger 
fluid and thereby determine the corresponding heating or cooling power. Temperatures are 
measured by thermocouples; a readout unit and a selector switch are located on the front panel. 

 
  

Figure 4.1: Photograph of the PA-Hilton R633 Refrigeration Cycle 
Demonstration Unit. 

A schematic of the unit is provided in Figure 4.2. Note that each of the eight thermometers is 
labelled with a temperature T1 – T8; the numbers of these indices relate to the manufacturer’s 
labelling but unfortunately do not relate to the designation of the state-points (1–4) in the cycle 
defined in Section 3 (according to the description from your first year Thermodynamics course). 
Take care not to confuse these two notations. 

As indicated, operation of the system is facilitated by means of valves, according to the 
procedure set out in Section 4.2. Illustrations of the valve positions, taken from the 
manufacturer’s Operator’s Manual, are provided in Figure 4.3; these valve positions are best 
understood by comparing the illustrations to the overall schematic of Figure 4.2. 
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Figure 4.2: A schematic of the PA-Hilton R633 Refrigeration Cycle Demonstration Unit. 
 

  
 

Figure 4.3: Valve positions, as taken from the PA-Hilton R633 Operator’s Manual. 

4.1 Risk Assessment 
The main potential hazard associated with operation of the unit is the possibility of an over-
pressure condition developing. In view of this potential hazard, the compressor is fitted with a 
cut-out device which operates at 220 kPa gauge pressure. Should this fail to prevent a further 
rise in pressure then internally-mounted relief valves will open at 250 kPa discharging refrigerant 
fluid to the atmosphere. The working fluid itself is non-toxic and non-flammable but it is an 
asphyxiant. Accordingly, should the working fluid escape for any reason (including breakage or 
venting) the area should be evacuated until the substance has dispersed. 
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