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11.         THERMODYNAMICS

11.1  Introduction

NOTE:  The sections which are shaded are only included for those who are mathematically inclined or are unwilling to accept some of the statements of Thermodynamics.  The shaded areas may be skipped by most people as long as you note the concluding remarks.

Classical thermodynamics is an exact science and forms a fundamental requirement in the understanding of processes in many branches of science.

The beginnings of thermodynamics can be traced to the late eighteenth century when attempts were made to reduce the steam consumption of the early beam engines of the Newcomen type.  It was Watt's idea to condense the steam in a vessel other than the working piston that led to dramatic improvements in the performance of mechanical devices.

The improvement in the fuel consumption lead engineers and scientists to consider whether or not the fuel consumption could be reduced indefinitely.  If the answer was no, then what laws governed the processes and what theoretically was the minimum fuel consumption for a given amount of work?  In providing the answers, the science of thermodynamics was born.

It must be stressed that the initial considerations were for the extraction of the greatest amount of work or power from any process and not for the production of work at the greatest overall useful efficiency.

Even in the 196O's this philosophy existed in the design of power stations.  Heat at low temperature was considered as being useless, and in the production of power we still see that even the most efficient methods reject vast quantities of heat at low temperatures which, until the recent so called energy crisis, were considered as being virtually useless.  Students in Engineering Thermodynamics were taught that work was all important and that waste heat was useless, particularly as one could heat buildings readily by the burning of fossil fuel.

In the early days of the industrial revolution new ideas could be built and tested to see if they worked.  In many cases the designs resulted in failures.  In the current financial climate we cannot afford to advance our standards of living by costly failures, and although the testing of prototypes is absolutely necessary, the early designs will have invoked thermodynamics in the prediction of performances, and many inefficient processes can be eliminated before construction commences.

If, for instance, we have a plentiful supply of solar energy as we will have in many of the underdeveloped countries it would be possible at least in theory to estimate how much steam could be produced and at what temperature and pressure.  From these latter two we can predict that maximum total power, work or electrical energy that can be produced by this steam.

We could, of course, have produced this steam by the combustion of a fossil fuel, and once again thermodynamics would enable us to predict the likely quantities and nature of steam or electricity.

The reader may think at this stage that this introduction is becoming over concerned about the production of power as have most of the texts on classical engineering thermodynamics been in the past.

It is, however, necessary to consider the uses of both the produced power and the hitherto 'useless' waste heat.  The production of power is of importance even in considerations of the simple heating of buildings since the input of a small amount of power can lead to the transference of large quantities of heat into a building.  In other words the input of one unit of energy in the form of power can lead to the transference of several units of energy in the form of heat, into a building.  This apparent 'something for nothing' can only be explained with reference to applications of the Second Law of Thermodynamics.

Clearly thermodynamics is of importance in any consideration of the energy production whether it be in the form of burning of fossil fuels or in the use of alternative energy sources.

11.2  The discovery of the laws of thermodynamics

There are four laws of thermodynamics, namely the zero'th, first, second and third.  Of these the first and second are of greatest importance to us, while the zero'th is of importance, as unless it were true, we should not be able to measure temperature.

Chronologically the first aspects relating to the Second Law of Thermodynamics were put forward by Carnot in 1824.  Before Carnot it was appreciated that one had to put heat in to get work out, and the question which required solution was 'What laws governed the Conversion of heat into work?'

Carnot perceived that TEMPERATURE provided the key and he utilised the method of arguing by analogy.  He likened the work produced for heat to that produced when water flows from a high level to a lower level to a low level.  Could not high and low temperature be the counter- parts of the high or low levels?  This analogy is indeed correct and is now embodied in what is now known as the second law of Thermodynamics.

In one respect Carnot was incorrect and this arose because he used the water analogy.  In the case of water, the same quantity of water flows out at the low level as entered at the high level.  In the case of heat it is now known that less heat flows out at low temperatures.  In Carnot's day even the best engines had heat inflows and heat outflows which differed by less than 1O%, and such a difference would hardly have been detectable.

It was in 185O that Joule discovered that the 'lost' heat had "turned into" work and this law is now known as the First Law of Thermo- dynamics.  This law is the one which most perpetual motion machines contravene.  The remainder contravene the second law.

The remainder of this document is given to an elementary introduction to the thermodynamics but for further information it is suggested that the reader consult an appropriate text on thermodynamics.

11.3  Symbols

          m = mass

          P = pressure

          v = volume

          q = heat per unit mass

          T = temperature

          u = internal energy per unit mass

          h = enthalpy per unit mass

          s = entropy per unit mass

          w = work done per unit mass

          Q = heat flow

          W = work done

          E = total energy

11.4   The Zero'th Law

   Two systems which are separately equal in temperature to a third system are equal in temperature to each other

If we heat a balloon we notice that its volume increases.  If on the other hand we have a rigid cylinder filled with air then the pressure of the air will rise on heating.

If the cylinder filled with air is placed in an enclosure A and there is no observable change in pressure, the temperature of A must equal the original temperature of the container.  If the container is now placed into enclosure B, and there is no change in pressure, then enclosure A and enclosure B are at the same temperature.  It is because this is so that we can measure temperature.

11.5 Work and Heat

Before proceeding we must be clear on what is meant by work and heat.

11.5.1    Work is done when the point of application of a force moves in the direction of that force.  The amount of work is equal to the product of the force and the distance moved in the direction of the force.  We must be careful to specify the sign of the work.
Positive Work is done by a system during a given operation if the sole effect external to the system could be reduced to the rise of a weight.  A system which produces positive work is called a heat engine.

The important words here are 'could be' since in most applications a weight is not in fact raised.
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When piston moves from left to right it does work on the gas in space A.  It does not in fact raise a weight, but compresses the fluid in A.  If we replace A by a lever, it is clear that we can in fact raise weight W as the piston moves from left to right.

Negative Work      A balloon is placed in a container and the latter sealed.  The pressure inside the container is increased.  This causes the balloon to shrink.  It can be said that positive work has been done by the fluid in the container on the balloon.  Alternatively Negative Work has been done by the balloon.  The S.I. unit of work is the Joule.

11.5.2 Heat 

Heat is defined as being the interaction between systems which occur by virtue of their temperature difference when they communicate.  Heat flows are positive if they are from the surroundings to the system under consideration, i.e. for a positive heat flow, the surrounds must be at a higher temperature than the system.  When heat flows are negative the reverse is true.  The S.I. heat is also the Joule.

[Note:  In the M.K.S.A. system of units the definition of the kcal is that heat required to raise the temperature of l kg of water through 1oK.]

                          1 kcal = 4.186 kJ
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11.6  The First Law of Thermodynamics

There is no logical relation between heat and work so that if a relation exists it must first be found experimentally.

Between 184O and 1849 Joule carried out such an investigation.  Consider the two experiments.

If a hot body is brought in contact with l kg of water at a lower temperature, the temperature of the water is seen to rise.

If l kg water is continuously stirred its temperature is seen to rise even if the container is thermally insulated thus preventing heating entering from the surroundings.

It is clear that if we carefully measure both the heat and work supplied in both cases a relationship could be found between the heat and work required to produce the same temperature rise.

Symbolically we can summarise the result as follows:

                             W

                             --      =      constant

                             Q

Now suppose that, starting with l kg of water, we stir the water continuously until the temperature has risen through a small temperature  T.  The stirring is stopped and heat is transferred to an external body (i.e. the reverse of the first experiment above) until the temperature has dropped to its original value.  The water is now in its original state and the water may be said to have undergone a cyclic process.  Clearly there may be several periods of stirring of different lengths separating cooling periods of varying lengths.  Providing the state of the water initially and finally is identical, the process is cyclic.

We may thus formally state the First Law of Thermodynamics as:-

When a system executes a cyclic process, the algebraic sum of the work transfers is proportional to the algebraic sum of the heat transfers.

Symbolically we may write this as:-

                       SYMBOL 83 \f "Symbol"Q = SYMBOL 83 \f "Symbol"W   

                   or SYMBOL 83 \f "Symbol"(  Q -  SYMBOL 83 \f "Symbol"(  W = O

Note:  (i) the symbol summation is a 'cyclic' summation and implies summation around a cycle.

(ii) the units of heat and work are in the same units, i.e. Joules.  If in fact heat is measured in calories

then   J SYMBOL 83 \f "Symbol"(  Q -  SYMBOL 83 \f "Symbol"(  W = O 

where  J = 4.1868 J cal-1
Example

If in a cyclic process the heat transfers are +1O cal, -24 cal, + 3 cal, +3O cal what is the net work from this process?

By the lst Law

           W = J x (lO - 24 + 4 + 3O)

             = 2O x 4.1868

             = 83.735 Joules

                ==========

The first law of thermodynamics thus indicates the relationship between the heat supplied and the work obtained or conversely the work supplied to produce a given amount of heat.

Perpetual Motion Machines of the first types (PMM 1) contravene this law and may be represented as:-
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i.e. the sole external effect to the system is the output of positive work which could raise a weight.

The First Law in simple terms implies 'you can't get something for nothing' or 'you can't pull yourself up by your bootstraps'.

The First Law as formulated above is not very useful, as we often wish to understand what happens in a non-cyclic process or in one part of a process which as a whole is cyclic but which in part is not.  For instance, in our hypothetical cyclic experiment where we stirred and then cooled the water the individual parts of stirring and cooling are not in themselves cyclic.

The stirring of the water caused a rise in temperature even though there was no transference of heat.  This temperature rise represents an increase in energy of the water and is analogous to the increase in the potential energy of a body as we do work on it.

Let the energy initially and finally be E1 and E2 respectively.

We may formally state in general that the increase in energy of a system is numerically equal to the heat transfer minus the work done during the process.

Physically this is represented by:-

                           E2 - E1 = Q - W

In our example Q = O and Work is done on the system.

                   Hence   E2 - E1 = - (-W)       = W

The analogy of potential energy presented above also suggests further modifications to the basic cyclic equation by subdividing E into component parts.  For instance, besides an input of work in the form of stirring, we could also have done work by raising the water and container at the same time.

The term E2 - E1 will then contain the increase energy in the form of temperature as well as increased potential energy.  We may separate these by calling the former kind of energy, specific internal energy (donated by u) or the internal energy stored in unit mass of the substance.

Then initially E1 = mu1 + mg Z1
where m is the mass of water and container, and Z1 and Z2 are the heights of the container above some datum level.

Hence E2 - E1 = mu2 -mu1 + mg(Z2 - Z1)

In a similar manner changes in kinetic energy can be incorporated.  Other forms of energy such as electric, magnetic, etc. could be included, but these are of no interest to us.

In many cases we may also neglect the changes in kinetic and potential energy in the generation of power, but clearly this will not be the case if we generate power by causing water to fall through a given distance.

Before proceeding it must be clearly understood that energy is a property of the system.  By this is meant that the change in energy is only dependent on the end states - it is independent of the route we take between those states.

For instance, we may take the temperature of the body at noon each day.  From the mass of that body, its thermal capacity and the temperature difference we may calculate the net inflow and outflow of heat.  What would not concern us would be whether the temperature had changed linearly between the two temperatures or whether there had been several temperature cycles over the day.

Including the 'mechanical' forms of energy, and using velocities V1 and V2, we may write the First Law as:-

       Q - W = mu2 + mgZ2 + 0.5mV22 - mu - mgZ1 -  0.5mV12
                      = m(u2 + gZ2 +  0.5V22 - u1 - gZ1 -  0.5V12)

i.e. the above equation is a general one which we can use whether we are interested in hydro electricity (when only the terms involving Z and V are of interest,  wind energy (only V is relevant),  or thermal energy when only u is normally relevant).

Using this equation with the right hand simplified if necessary we can determine the theoretical minimum amount of heat which must be applied to a system to get a given amount of work out. Alternatively we can use the equation to ascertain whether or not an invention is practical.  If the work required is in excess of that predicted by the equation then the invention is impractical as it contravenes the first law.  On the other hand if the work required is less than that predicted for a given heat input then in theory at least, the invention would work.

11.7  Enthalpy

Before we consider the Second Law of Thermodynamics we must consider one further property of the system namely enthalpy.

Let us consider a steadily flowing system which is producing work.  We have some fluid, e.g. water or air which flows into our system.  Here it is heated and we extract work.  We arrange the potential energy and kinetic energy of the fluid to remain the same.
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In a small period of time (t) a small package of fluid of unit mass and having u1 internal energy moves into our system for producing work.  During the same time t an equal mass of fluid leaves the system with an internal energy u2.

Now in general the pressure and volume of the mass m will be different at inlet and outlet.  Let p1, v1, p2, v2 be the pressure and volume at the inlet and the outlet.

For fluid to flow in the outlet tube the system must do work for it acts with a pressure P2.  If the cross-section of the tube is A2, the total force on the mass m in the outlet pipe is P2A2, and in a time t the mass is pushed through a distance equal to v2/A2,

Since work done is force x distance it is clear that work must be done by the system in forcing out the exhaust fluid and is equal to:-

                                P2A2v2
                                ------------  =      P2 v2
                                  A2
Similarly work is done by the mass m on the system in the outlet tube and is of magnitude P1v1.

Thus in a steady flow situation involving a fluid we must incorporate this 'flow work' in our equation.

Hence Q  -  W =  m (u2 + p2v2) - m (u1 + p1v1)

For convenience we set h - u + pV

and thus Q - W = m  (h2 - h1)

h is known as the enthalpy which like energy is a property.

Most applications in the generation of work or power that are of interest to us involve steady flow processes.  Consequently we will normally be concerned with the enthalpy of the fluid rather than its internal energy.

11.8  Efficiency (SYMBOL 104 \f "Symbol")

If we have a system working in a cycle then

                            SYMBOL 83 \f "GreekMathSymbols"

SYMBOL 68 \f "GreekMathSymbols"Q =     SYMBOL 83 \f "GreekMathSymbols"

SYMBOL 68 \f "GreekMathSymbols"W

and if we supply Q1 to a system, obtain W work output and find a quantity of heat Q2 is rejected to the surroundings then

                             Q1 - Q2 = W

                                                                              work done

We may specify efficiency as being     =              -------------

                                                                            heat supplied

                 W                   Q1 - Q2                             (Q2)

i.e.  =        -----        =       --------        =     1    -         -------

                 Ql                      Ql                                    (Q1)   

Clearly for the greatest efficiency we must make Q2 as small as possible.

11.9.   The Second Law of Thermodynamics

The first law of thermodynamics states that the work output from a system cannot exceed the heat input.  The above example on efficiency also shows that if heat is also rejected then the work output must always be less than heat input and the efficiency is less than unity.

The Second Law of Thermodynamics is a statement of the fact that heat is always rejected.

Formally, the Second Law may be stated as:-

IT IS IMPOSSIBLE TO CONSTRUCT A SYSTEM WHICH WILL OPERATE IN A CYCLE, EXTRACT HEAT FROM A SINGLE HEAT RESERVOIR, AND DO AN EQUIVALENT AMOUNT OF WORK ON THE SURROUNDINGS.

This statement is more restrictive than the First Law and in effect means that work can only be produced from heat if, and only if, a temperature difference exists.

According to the First Law it would be quite possible to power a ship from the heat in the ocean, or a power station from the heat in the atmosphere. What the second law states is that both these are impossible as there is no infinite heat sink at a temperature lower than either the ocean or the atmosphere.

However, a floating power station could be installed which utilised the differences in the temperature with depth of the oceans in the tropical regions.  In some regions a temperature difference of 2OoC or more may be obtained between the surface and depths of 7OOm or more.

If heat were taken in at the upper temperature and rejected at the lower temperature then work could be done.  Needless to say such a system would be inefficient.

Symbolically, a system producing work can be represented as:-

[image: image5.wmf]
Now consider the reverse situation where we put work into our system (see next figure).  If we put l Joule of work into our system we will obtain (1 + Q2) Joule's of heat supplied to the heat sink at the higher  temperature.

This is nothing more than a heat pump and it should be noted that had the second law not been true then we would not have this apparent 'heat gain'.

[image: image6.wmf]
It must be stated that it is because the ambient temperature on earth is above absolute zero that the second law is true.  Only in one condition is the Second Law not true and that is when the low Temperature source/sink  is a zero degrees absolute.

If in fact the ambient temperature was absolute zero then Q2 =O and we would not be interested in heat pumps.   It may be argued that if we could cool the surrounds to our system producing work to absolute zero, then it would be possible to improve our efficiency of power generation.

However, a few moments thought and reference to the laws of thermo- dynamics would show that the work done in reducing the ambient temperature could never be less than the gain in work achieved by the lower sink temperature.

In a similar manner to the derivation of the efficiency for a heat engine, the efficiency (or rather the coefficient of performance Chp) of a heat pump can be written as:-

                     Heat out

  Chp    =    -------------

                        work in
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                                                   1                                        1

           i.e.   Chp        =       ---------------      =                   ---------

                                           1 -   Q2/Q1                                 (
Clearly the Chp must always be greater than unity, and the best values will be obtained if Q2 is made as nearly equal to Q1 as is possible.

Note:  Other terms which are synonymous with coefficient of performance are in use - e.g. Performance Energy Ratio (P.E.R.)  and coefficient of heating.

11.10  Reversibility

A process is said to be reversible if a means can be found to restore the system and all elements of its surroundings to their initial states.

Note:  The important part of this statement is the part  in italics.

We may for instance break a milk bottle, collect up all the pieces, put them in a glass-making furnace and produce a new bottle.  However, considerably more energy would be required than was given out by the bottle on impact.  Such a process is clearly irreversible.  On the other hand, allowing a perfectly elastic ball to fall on a hard surface is reversible as the ball will return to its original position with no work being required from the surrounds.   We will now show that the efficiency of a reversible heat engine (pump) exceeds the efficiency (coefficient of performance) of an irreversible heat engine (pump).

If such statements are true, it means that we only have to examine reversible processes if we require the maximum efficiency or coefficient of performance.  Any irreversibility will lead to a decrease in the efficiency or coefficient of performance.

By definition we may reverse a reversible heat engine when it will act as a heat pump.

                                                                      l

                         from above   Chp      =       ----





       (
To prove the statement the efficiency of an irreversible engine is less than that of a reversed engine,  let us postulate that the reverse is true, and let the reversible and irreversible engines operate between the same heat reservoirs with the reversible engine operating as a heat pump.

[image: image8.wmf]
Let Wr be the work required to drive the heat pump and let Wo   be the excess work produced by  the irreversible engine

  Then for the irreversible engine the efficiency is given   by:
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                                                    q1
For the heat pump Chp       =     ----

                                                    Wr
                                                                             Wr

Hence for the reversible engine                (  =  ---
                                                                             q1
Since Wo is positive it would appear that the irreversible engine is more efficient than the reversible one.

However, since the quantity of heat transferred from and transferred to the hot reservoir by the two engines is the same we could draw a boundary to a system which enclosed the two engines and the hot reservoir (see dashed line).  We now have a system which exchanges heat with a single reservoir and produces positive work.

Clearly such a system cannot exist as it contravenes the Second Law.  This being the case our initial statement musts be untrue and we can write:

                          (1       <     (
                                        Chp   <        Chp
          and             
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This statement is important for if we are to have optimum efficiency we must have a reversible system.  Conversely, if any system (or for that matter part of a system) is irreversible then it will be less efficient than a reversible system.

Examples of irreversible processes are:

i)    flow of electric current through a resistance

ii)   a 'hydraulic jump'

iii)  flow of heat through a finite temperature difference

iv)   unrestricted expansion of a gas.

  11.11  Absolute Temperature Scale
We have seen that the highest efficiency is obtained with a reversible engine, and that the efficiency is dependent only on the heat flows to the two reservoirs.
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In this example   T1 > T2 > T3.  A reversible engine operating between two reservoirs has  heat flow q1and q2 and an efficiency equal to 

                                     
[image: image12.wmf]1

2

1

-

q

q


If we had a third reservoir which was colder than our existing cold reservoir we could run a second heat engine from which we could derive more work.  Clearly if we ran our first heat engine between the first and third reservoirs we would obtain a greater amount of work and efficiency from it.

The efficiency of reversible engine is thus dependent on the temperature and that the greater efficiencies are obtained when operating over greater temperature differences.

This leads to the definition of temperature for let us define a temperature of a particular reservoir at T1, the heat flow from this reservoir to a heat engine as Q1, and from the engine to a second reservoir at an unknown temperature T2 as Q2.  Then we may arbitrarily define temperature such that the ratio of the temperature is equal to Q1/Q2.

                                             Q2

               i.e.   T2    =    T1 .  ----

                                              Q1

From this definition it is possible to define an absolute scale of temperature which is independent of material properties.

Having established this relationship it is a mere formality to rewrite the efficiency of a heat engine in terms of temperature.

               Q1 - Q2        T1 - T2

       ( =   -----------  =  ----------

                  Q1                 T1
                                        T1

     Similarly  Chp  =      -------

                                    T1 - T2

We now have a simple and convenient way of determining the coefficient of performance of a reversible heat pump.  Of importance is the fact that the smaller we keep our temperature difference, the greater will be our coefficient of performance, and that potentially high values of Chp would be possible if T1 - T2 were kept small enough.  It must be remembered that the temperatures are in degrees Kelvin, so if we have 

T1 = 6OoC     (= 333K)     and T2 = OoC    (= 273K)

                         333                   333

          Chp  =  ------------     =      ---  =       5.56
                      333 - 275              6O

If on the other hand T2 = 1OoC     (= 283 K)

                          333                 333

          Chp  =  ------------     =    -----  =  6.67 

                       333 - 283            5O

Note:  It should now be clear that if in fact T2 were at absolute zero  Chp would equal unity, and we would not be interested in heat pumps.  It is a direct consequence of the validity of the Second Law that enables us to have this apparent energy gain.

11.12  Applications of thermodynamics - general
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If we have a gas at a pressure P in a piston with a cross section area of A,  and its volume is V.   Let this expand by a small volume SYMBOL 100 \f "Symbol"V.   Then the work done (remember force x distance travelled)  if the pressure remains constant is given by

work done =   P A SYMBOL 100 \f "Symbol"V.  

If we know the pressure and volume of a gas and the changes,  then we can estimate the theoretical amount of work that can be done in say a gas turbine,  and hence the potential output
In a similar way it would be nice if we could estimate heat transfer by some means incorporating Temperature as a parameter we can measure.   We can do this is we introduce a new parameter called entropy - usually given the symbol s,  such that at constant temperature, the heat transfer is given by

heat transferred = T SYMBOL 100 \f "Symbol"s

Entropy has many important ramifications.  For instance,  if high pressure steam expands through a perfect turbine,  then we would have expansion under condition where entropy DOES NOT CHANGE (or isentropic conditions).  We can define the theoretical or Carnot efficiency from the Second Law,  but this is only true in an isentropic situation.  In other cases,  there will be a degradation of this theoretical efficiency by friction etc.    The concept of constant entropy processes allows us to ascertain the theoretical maximum energy which we can achieve in any situation.  In a good turbine,  the practical (or isentropic) efficiency of about 75 - 80% of the theoretical Carnot efficiency.   

To design devices with high efficiency we should strive to ensure that as much of the heat is transferred at constant temperature, and that uncontrolled temperature drops are minimised   

From the second Law

                                      T1       -        T2

         SYMBOL 104 \f "Symbol"  =       ---------------------------  x  100

                                        T1  

We should thus aim to transmit our heat to the device at T1 and remove it at T2.  In reality this is not practical although we can make a good approximation to it.  The problem is that normally when we heat a fluid,  it temperature rises,  and conversely when we extract heat it cools.  However,  if we utilise a phase change,  then we can  transfer heat at constant temperature.  Hence when water boils,  large quantities of heat are required, but the temperature does not change.  Similarly,  when water freezes,  large quantities of heat must be removed at 0oC.

Consider the following graph.
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Line A begins with a rising curve as water at atmospheric pressure is heated at a constant rate.  The temperature rises until the onset of boiling at 100oC.  The temperature then remains constant as the fluid boils,  and only when all the water has changed into steam with the temperature start to rise again.  This time at about twice the rate of water.    

If we repeat the experiment at 10 bar pressure, then the water will rise to a higher temperature before the onset of boiling,  while the time at which it has completed the transfer into stem will be shorter than at atmospheric pressure.   Conversely,  if we reduce the pressure to say 0.03 bar, then we find boiling starts much earlier,  and continues much later,  and takes places at around 30 oC.    Ultimately if we use a pressure of around 273 bar,  the time it takes from liquid to steam is negligible (i.e. the fluid changes phase without boiling.  This point is known as the critical point.

If we join all the points indicating the onset of boiling, and also the completion of boiling, we get an inverted U curve.  Though this curve plots Temperature against Time the Temperature against Entropy curve would be of very similar shape.

Minimising temperature differences during Heat Transfer has important implications in the design of Heat Recovery Systems and heat exchangers in Heat Pumps etc.,

11.13  SUMMARY of  KEY POINTS:

1:   FIRST  LAW  equates the algebraic sum of the work done by a system to the algebraic sum of the heat transfers to/from the system.  

· Heat into system is "positive":            

· Heat rejected is "negative"

· Work done BY system is "positive":    

· Work done on system is "negative"

              i.e..  W1   +    W2   + .......    =      Q1    +      Q2    +     .........

                        In a typical system     W     =   Q1    -      Q2    

2:  SECOND LAW is more restrictive than the FIRST LAW and states that when WORK is obtained from heat, the conversion process must ALWAYS reject heat.  This limits the theoretical (or CARNOT) efficiency.

                                                      work out                                    

3)   Efficiency is  defined as  -------------------------  x 100

                                                       heat in

Since heat flow is proportional to temperature we can replace  heat flows by temperature.

                                                  T1       -        T2

        i.e.   SYMBOL 104 \f "Symbol"  =       ---------------------------  x  100

                                                  T1  

     This the theoretical or Carnot efficiency.

4)  Practically,  the efficiency will always be less than the Carnot Efficiency.  To obtain the "real"  efficiency we define the term  Isentropic Efficiency as follows:-
                                                    actual work out
            SYMBOL 104 \f "Symbol"isen    =       ----------------------------------------      

                                       work output from Carnot Cycle

Thus "real"  efficiency    =   SYMBOL 104 \f "Symbol"icarnot    x    SYMBOL 104 \f "Symbol"iisen

5) A power station involves several energy conversions.   The  overall efficiency is obtained from the product of the efficiencies of the respective stages.

EXAMPLE:

       Thus in a coal fired power station like DRAX,  the steam inlet temperature is 566oC and the exhaust temperature to the condenser is around 30oC.   The combustion efficiency is around 90%, while the generator efficiency is 95% and the isentropic efficiency is 75%.  If 6% of the electricity generated is used on the station itself,  and transmission losses amount to 5% and the primary energy ratio is 1.02,  how much primary energy must be extracted to deliver 1 unit of electricity to the consumer?

                                                (566 + 273) - (30 + 273)

             Carnot efficiency   =    ------------------------------  =   63.9%

                                                         566 + 273

     so overall efficiency in power station:-

           =    0.9   x     0.639    x   0.75     x 0.95     x 0.94   =   0.385

                    |              |             |             |              |

           combustion   carnot  isentropic  generator   station   

                                                                                 loss

      allowing for transmission losses and the primary energy ratio,  1 unit of primary energy will produce:-

       1   x   0.385   x   0.95

      ---------------------------   = 0.359   units of delivered   

            1.02                                               energy

i.e.   1 / 0.359   =  2.79  units of primary energy are needed to deliver 1 unit of electricity.

6)  Theoretically a power station operating as a carnot cycle will be the most efficient as all the heat is supplied or rejected at constant temperature,  and also the work inputs and outputs are reversible and thus are isentropic  (i.e. there is no change in entropy during the work input and output).  However, it is practically impossible to achieve such an ideal situation, and the Rankine Cycle (while being less efficient theoretically can achieve greater practical efficiencies).

7)  Water has a critical temperature of 373oC at a pressure of 273 atmospheres.  At that point the properties of water and steam become indistinguishable and water changes into steam without boiling.

8)  For optimum efficiency,  as much of the transfer of heat should  be done at a constant temperature (i.e. through boiling).   Because of the limitations in (6),  this limits the top temperature in steam driven stations and hence their ultimate efficiency.  While some experiments have been done with stations operating in the super-critical region,  they are not that reliable  (Drakelow "C").

9)  Superheating the steam  does increase the efficiency as part of the heat transfer is at a higher temperature.  This has the advantage also of reducing the amount of steam circulating  (as the area enclosed in the Temperature - entropy i.e.  T - s chart) is larger.  The steam also become drier and causes less problems with corrosion on the turbine blades.

10) Most power stations expand part of the steam through a high pressure turbine and then return the steam for reheating (albeit at lower pressure).   This further improves efficiency.

      NOTE:   the AGR nuclear reactors do have reheating,  but   the PWRs do not.  Thus the

                    AGR reactors are significantly more efficient than the PWRs.

11) One problem with all the above solutions is that large quantities of heat are transferred to the steam at temperatures other than optimum.  One way to improve this is to bleed of part of the steam from the turbines to pre-heat the water.  While is markedly improves the efficiency,  it does cause the steam consumption to rise,  and hence much larger pipes are need.  Most stations have some bleed-heating stages,  but it is only in the largest units is it possible to technically or economically have the large number of bleed-heating stages needed for optimum efficiency.

12) The T - s diagram shows that for a carnot cycle operating at a higher top temperature,  the area enclosed by the rectangle is smaller,  and hence although the efficiency is higher,  the amount work output from 1 kg of steam is less, and large volumes of steam must be circulated to compensate.  For this reason, and that mentioned in (8) above,  the ultimate efficiency of steam stations is severely limited.

A carnot cycle operating between a top temperature of Ta, and T2 is more efficient than one operating between Tb  and T2.  However, the amount of steam which must circulate in the case with Ta is larger because the work done per kilogram of steam is smaller  as the area of rectangle ABCD is smaller than that of abcd.
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12. COMBINED CYCLE GAS TURBINE STATIONS

Conventional Fossil Fuel Power Stations (and also Nuclear stations)  normally use steam as the working fluid irrespective of what the heat source is.   As seen from section 11.12,  even though water has a very wide range of temperatures in which it is suitable for use as a working fluid,  is plentiful, and non-toxic,  problems do arise when pressures and temperatures are above the critical point.   Consequently,  these factors will limit the ultimate top temperature that can be achieved in steam stations,  and this in turn will  limit the maximum efficiency which can be achieved.  

On the other hand,  the temperatures normally found in such stations are well below  the metallurgical limit,  and there is potential for much improvement if a more suitable fluid could be found.

Gas turbines (e.g. those used in aircraft, operate under much higher temperatures,  but their exhaust temperatures are high, and so though they gain by having high T1 temperatures,  they loose by having high T2 temperatures.   Typically,  efficiencies of only 23% are possible (see ENV-2A14/ENV-2B70 notes for diagrams)..

By using the waste heat from a gas turbine to raise steam in place of the normal boiler it is possible to greatly improve the efficiency, by utilising the high temperature performance of the Gas Turbine with the lower temperature performance of a traditional steam turbine.  Typically efficiencies of 50% are now achievable,  with the potential to improve this further over the next 20 years or so with improved gas turbine blade design.

In a typical Combined Cycle Gas Turbine Station (CCGT),  there may be one two or three gas turbines each with its own generator.  The collective waste heat output from the three gas turbines then raise steam for a single steam turbine.    This is the configuration at Deeside Power Station which we shall see on the Field Course.  An alternative configuration has each gas turbine raising steam for a single Gas Turbine which is on a common shaft with a single generator.

Advantages of CCGT's

The development of CCGT's only became possible with the relaxation of EC rules on the use of gas for electricity generation.  In the UK this coincided with privatisation.  In early 1991 there were no CCGT stations,  but by 1998 there were over 13000 MW representing about 20% of our total generating capacity.  This figure is likely to rise over the next decade with order already placed, and is likely to overtake Coal as the major generating source in the near future.

1)
Gas is a currently a cheap source of fuel and so has an inherent advantage over more costly coal.

2)
If gas were burnt in a steam station,  then because of the  chemistry of the fuel,  only around 60% of emissions of CO2 will take place.   However, in the CCGT mode, the efficiency is much increased, and the emissions are much lower still - around 40% of that of coal for an equivalent output.

3)
There is minimal sulphur in gas,  so SO2 emissions are insignificant.  However, because of the higher flame temperatures,  NO2 emission can be significantly higher unless the burners are designed correctly.  Even then,  much of the reduction comes from injecting steam into the flame,  and unless the steam turbine is operating,  emissions can be quite high.  This can be a particular problem on start up.  Using multiple burners can often help.

4)
As there is no coal handling plant,  the station covers a much smaller area,  and can be built much quicker.

5)
The capital costs are also much cheaper,  particularly as desulphurisation plants are not required.

6)
The labour force is typically only 20 - 25% of that for a coal fired station,  and hence the cost of generating electricity is reduced further

Disadvantages

1)
Gas has a resource time which is less than coal.  The Uk's gas consumption is now 50% higher than before the "Dash for Gas".

2)
Many stations have an interuptible gas supply contract which means that they can be cut off at short notice.  This nearly caused serious problems in 1996,  when several stations were so affected (because of cold weather),  just at the time of maximum electricity demand.

3)
NO2 emission can be a problem (see above)

4)
The performance of the Gas Turbine Stations appears to be declining quite rapidly.  Conventional Steam Stations seem to improve in their output with age,  but, almost without exception,  the CCGT, are being down rated each year by 2 - %%.  It is too early to say whether this will be of serious consequence in the longer term.

EXAMPLE:-

   Gas turbine inlet and outlet temperatures  are  950oC 

            ( =  1223K) and  550oC    (  =   823K) respectively.  

   Corresponding steam temperatures are 500oC   

        ( =   773K)  and  30oC  (  =   303K) respectively.

also efficiency of waste heat boiler is 80%,  and isentropic efficiency of gas turbine is 70% and that of steam turbine is 80% (all other efficiencies are as in previous example).   What is overall efficiency of station?

FIRST the efficiency of gas turbine is  

(1223-823)/1223 x 0.8  = 23%

i.e. 1 unit of fuel produces 0.23 units of work and this gives    0.23  x 0.95   =  0.22 units of electricity  (0.01 units are lost)  and  0.77 units into waste heat boiler.

The waste heat boiler then provides  0.77 x 0.8    =   0.62 units of energy to steam turbine, and 0.15 units are lost to the flue.

The overall efficiency of the steam turbine is  

                (773-303)/773 =   61%

so allowing for isentropic efficiency,  

           0.62  x 0.61  x 0.8  = 0.30 units of work are provided which in turn generates 0.95 * 0.3  = 0.28 units of electricity, while 0.02 units are lost from the generator.

Finally,  0.32 units are rejected to the condenser (i.e. the difference between the energy into the steam turbine and the work out from it).

So total electricity generated is 0.22  + 0.28  =  0.50 units.  but 6% of electricity is used on station itself,  so overall efficiency:-

                        =     0.50    x 0.94     =     47%

                                                               =====

[image: image16.wmf]
Energy Flow diagram in a CCGT with a separate shaft for the two turbines.   Some CCGT's may have 2 or three gas turbines feeding a single steam turbine.   Other configurations have a single gas turbine linked to a single steam turbine and a single common generator.

There has been a trend to single shaft machines in recent years as these tend to be a little more efficient,  and there are also capital cost savings.   However,  in the multiple shaft scheme,  the gas turbine can be used alone,  and this allows greater flexibility – i.e.  the gas turbine oculd be used for peak lopping as the stand alone gas turbines have been in the past.  With greater renewable,  this might be an important advantage in the future.

Equally,  the New Electricity trading Arrangements (covered in ENV-2E02) reward those generators which are flexible and there may be a market for multiple shaft systems for peak lopping.

13. COMBINED HEAT AND POWER (CHP)

13.1 Introduction

Heat is rejected when we generate electricity

By First Law:-

                  W   =   Q1   -   Q2
  and efficiency =   
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Now suppose that we could utilise all of Q2,  then we

could redefine our efficiency as:-
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i.e. we would have 100% efficiency.

We cannot achieve this in reality as 10% is lost through combustion,  there are generator losses,  and station uses of electricity,  but suppose we could use 80% of Q2  the overall efficiency of energy conversion in the power station would rise substantially.

The temperature of exhaust steam at 30oC is too low for practical purposes,  but if we raise temperature to say 80 - 90oC,  then useful heat is available at the expenses of reduced electrical output.

QUESTION:  

How much heat is rejected by the main electricity generators e.g.  PowerGen, British Energy on a typical winter's day?

Say Mean Temp is 5.5oC  (mid January average)

Neutral Temperature (balance temperature for most houses is about 15.5oC) so we need 10oC of heating for each house.

Typical Mean Electrical Power output in winter is 40GW.

Overall average efficiency is about 35%,  so heat rejected in cooling tower is around 60 GW (and a further 20 GW is lost elsewhere).  

QUESTION:  

If all of this 60 GW (= 6 x 1010W) were used, what proportion of our homes could be heated?

A typical heat loss rate for a house is 300 WoC-1   so with a 100C temperature difference this is 3000 W

There are about 20 million households in Britain  so percentage supplied from waste heat 
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i.e. all our homes could be heated without need for gas boilers or other forms of heating.  Nor would anyone have to suffer from hypothermia.  AND THAT IS EVEN WITH THE RELATIVELY POOR STANDARD OF INSULATION OF MOST OF OUR HOUSES.
· In a power station, for every unit of fuel entering approximately 0.10 - 0.15 units are lost to the stack,  are used as electricity in the station itself or are generator losses which cannot be recovered.

· Of the remaining 80+% all the energy is potentially recoverable,  but the emphasis until changes in the Electricity Act in the mid 1980's was on efficiency of electricity production.

Two cases (assume 80% of original energy available):-

Both have  Inlet steam temperature @ 566oC  e.g. DRAX etc.

exhaust temperature 30oC

exhaust temperature 100oC

Case 1:  
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Case 2:  
[image: image21.wmf]h

=

+

=

466

566

273

55

5

(

)

.

%


Case 1:   0.8 * 0.639 * 0.75 = 0.38 units of electricity                generated  (0.75 is isentropic efficiency)  

                i.e. about 0.42 units of heat available at 30oC 

                i.e. heat not that useful  

Case 2:   0.8 *  0.555 * 0.75 = 0.33 units of electricity and

               0.47 units of heat at ~ 100oC

                - heat at useful temperature

13.2 Types of CHP

1) back-pressure (BP) steam turbine

2) ITOC steam turbine (intermediate take off and condensing)

3) Open Circuit Gas turbine with WHB  (Waste Heat Boiler)

4)
CCGT with CHP - various combinations possible using


WHB bypass with or without  ITOC or BP steam turbines

· Some industries use multiple CHP systems

· A problem with all CHP is the matching of heat and electrical loads.

· For CHP there must always be a heat load.

· Can cause a problems if there is a major variation between summer and winter.

13.3 BACK-PRESSURE SYSTEMS.

· All of the steam is passed directly to a heat exchanger operating at about 100oC for district heating purposes.

· There is no need for a condenser or cooling towers.

[image: image22.wmf]
· However there must always be a heat load when electricity is to be generated.  If this is only used for district heating there is a major problem when heat load is low in summer.

· Ideal for industry with large base heat load requirement.

· Schemes tend to design plant to deal with minimum heat load and use traditional boilers to meet peak demand.  In domestic situations,  the summer time demand for hot water is about 20% or less of total winter demand for heating and hot water.  This approach for domestic CHP will only lead to small overall savings.

· Generally cheaper to install or convert than ITOC configuration.

13.4 ITOC TURBINES

[image: image23.wmf]
· Disadvantage:-  More complex hence more costly

· Can generate full amount of electricity in normal mode even when there is no heat load.

· Using temporary heat store (say 12 hour store),  the heat output could be bypassed at times of peak electricity demand.  Generator is already synchronised so additional electrical output could be brought on line in period of minutes.

· Can readily vary from 100% electrical to about 70% electrical and heat output equal to about 1.5 electrical.

· Below this amount of electrical output, heat output is also reduced because amount of steam in HP section of turbine has to be reduced.

· The additional flexibility provided by ITOC is never accounted.  i.e. there is an external benefit in a reduced need for pumped storage capability.

                          [image: image24.wmf]
· The above scheme was in use at ICI Wallerscote Soda Ash Plant until it closed in mid 1980's

· Steam at high pressure and temperature -  generated in boilers and passed through HP turbine so temperature was reduced to that required for process steam.

· 50-70% of steam was diverted for process steam (depending on demand),  remainder passed through a two stage IP/LP turbine.  The exhaust steam from the PROCESS was split,  50% went to drive air compressors;  the remainder was used in a low pressure turbine to generate more electricity.

· Exhaust from both steam turbines heated water for space heating of offices - the remainder was rejected in cooling tower.  ICI offered waste heat to Local Authority in late 1960's but Local Authority were not interested (or lacked capital) to install district Heating),  so remainder was rejected in cooling tower.

· Plant was run with an eye to price of electricity.     

-    Sometimes exporting - sometimes importing.

13.5   Historically CEGB were not enthusiastic about CHP -  WHY?

1)
Most efficient Power Stations are the large coal/oil stations.

  - with exception of recent CCGT stations,  this statements is correct.

2)
THEREFORE most effective way to use CHP is to utilise and convert existing large stations or to build new ones.

            -   argument is flawed

3)
Power stations of type assumed are mostly sited away from centres of population.  Therefore heat storage is needed at both ends of pipe line from power station to centre of demand.

-  argument not valid unless argument (2) is entirely valid.

4)
Power stations of type assumed are very large and it is difficult to visualise a scheme to effectively use all the heat from a single power station without the scheme itself being very large.  Hence large cities only are favoured - the so-called lead city schemes.

    - estimated cost 0.5 - 1.0 billion for city size of Leeds

     Argument stems directly from argument (2)

5)
Marginal cost of electricity must be no more than the equivalent merit order displaced nuclear/modern coal fired station.

a)
did not take cost of electricity actually produced by station in question - so to make it possible cost of heat had to be artificially high to subsidise the electricity to compete with the marginal cost of nuclear/coal.

b)
made no allowance of the effective cost benefit deriving from the peak lopping capability of ITOC CHP schemes.

13.6  CITY WIDE CHP Schemes

see Energy Papers  20,  34,  35,  53

also special IEA (International Energy Agency) book on CHP

· Committee reviewed potential in UK,  and made assumptions about viable heat loads - mostly on basis of heat density studies.

· Various schools of thought as to viable heat density:-

· >25 MW km-2
· >20 MW km-2
· >15 MW km-2

· Energy Papers (particularly 34) estimated heat density in several "LEAD" cities on basis of 500m x 500m grid squares (in some cases these were 1km x 1 km squares).  This became accepted methodology.


[image: image25.png]



            Heat Density of part of Norwich – collected by Energy Conservation Class and Project Students

· No real thought given to fact that heat is distributed in a linear fashion,  and most of UK cities are built around a radial road pattern.  Hence there will often be fingers of high density along main roads.  This may well make viability greater than straight area measurements.

· Little proper compensation was made for open spaces or areas of low density,  so the aggregation effect is to reduce the overall area in each heat density class.
· 100m x 100m squares are more sensible:

[image: image26.wmf]
· The figure shows the total heat load at each heat load density as calculated by two methods.

· The total heat load by both methods is the same, but the distribution is very different.


100 m x 100 m
EP 34

500 m x 500 m

> 15 MW km2
240MW
170 MW

> 20 MW km2
182 MW
109 MW

> 25 MW km2
131 MW
81 MW

Above figures are design maximum loads on -1oC day and include about 10% distribution loss.

Mean figures are a factor about 2.4 lower:-


100 m x 100 m
EP 34

500 m x 500 m

> 15 MW km2
100MW
71 MW

> 20 MW km2
76 MW
45 MW

> 25 MW km2
55 MW
34 MW

Mean Heat Loads at various densities.

The area studied is about 60% of residential area,  and central area (which is high density) has a peak load of about 100 MW (40 MW average),  so total load for Norwich above 20 MW km2 is:-

              76 / 0.6 + 40  =  167 MW on average   (  115 MW)

           or about                403 MW maximum     (  282 MW)

          figures in brackets are derived using EP 34 methodology.

13.7  POSSIBLE NORWICH CHP SCHEME

· Unit 2002, Norwich had a Main Gas Turbine (so-called JET) Station at Thorpe - on left just before trains crosses Wensum.  There were two 55 MW open circuit gas turbines.   Station is used for peak lopping at present.

Inlet temperature is         ~ 1100oC

Exhaust Temperature is  ~   650oC

Isentropic Efficiency        ~    70%

[image: image27.wmf]Present    Overall efficiency :
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           =  23%

Fuel in =  55 / 0.23   =   239 MW     |

Electricity out          =      55 MW    |    for each of the 

                                                               two units

Heat rejected          =    177  MW     |

OCGT with Waste Heat Recovery

· Waste Heat boiler designed heat water from heating main to about 100oC,  but since the exhaust temperature from Gas Turbine is about 650oC,  the efficiency will not exceed about 75% as used in example above.

[image: image29.wmf]
· i.e. about 138 MW of the 184 MW is recoverable,  so the overall efficiency in energy conversion is now:-
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· Note:  in this configuration,  the WHB could be bypassed so that electricity generation was possible in normal OCGT mode.  Alternatively  any efficiency between 23% and 80% would be achievable by appropriate control of valves in exhaust stream.

NOTE:  though the Power Station has now been demolished,  it is the site of the proposed STAR of the EAST Biomass project,  and that too would provide up to 50+ MW of heat

13.8  COMBINED CYCLE GAS TURBINE with CHP

There are several options possible:-

a)
 with back-pressure steam turbine (as diagram)

b)     with ITOC steam turbine

c) 
 as (a) but with parallel WHB for direct heating of hot  water

d) as (b) but with parallel WHB for direct heating of hot water

                 [image: image31.wmf]
Using example shown in diagram:-

· Gas Turbine unmodified exhausts gas at ~ 650oC,  this is passed through a steam generating boiler which raises steam to about 550oC.  About 10% of original energy is still lost to stack = 24 MW.  Hence there is about 160MW for supply to steam turbine.

· Exhaust temperature from steam turbine is 100oC to give adequate heating for mains so efficiency of steam turbine is:-
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          i.e.  160 *0.39 MW of  electricity are produced by steam turbo-generator and 0.71*160 MW of heat are available for district heating.

· Overall efficiency comes to 90%

The overall benefits may be compared to the equivalent of not using CHP.    In such a conventional scheme we would have to generate electricity and provide heat from say a condensing boiler.

It is convenient to examine the energy flows using a SANKEY Diagram;

[image: image33.wmf]
SANKEY DIAGRAM Conventional Generation using steam turbine and gas condensing boiler.

For the same electrical and heat output (see also SANKEY Diagram on next page)

effective saving = 
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    with non-condensing boiler (70% efficiency),  the primary energy requirement to provide 49 units of useful heat would be 74 units,  and saving would be 33%.  Thus CHP is now slightly LESS attractive with advent of  condensing boilers.
12.9   ENVIRONMENTAL EFFECTS OF CHP SCHEME

1) 
How much energy saved

2)
   Consequent change in SO2 and CO2 emissions

3)    What it would mean for Norwich

Environmental Emission Data

(kg per GJ of delivered energy)


CO2
SO2

gas
50.6
0.0001

oil
77
1.3

electricity
191
2. 3

Figures for electricity assume 1994 mix of generating capacity.  The emissions by oil and gas remain the same,  but those for electricity vary depending on the fuel mix in Power Stations.   In the late 1990’s the fuel mix chenged with more nuclear,  more gas and much less coal,  so that the emissions for electricity fell.   However, since 2000,  nuclear generation has fallen,  gas  has also fallen slightly and coal  has increased so that in 2003,  the figures are very comparable to 1994.

Three cases to consider:-

1)
 Present situation

2)
 OCGT with Waste Heat Boiler

3)
 CCGT with CHP

Assume all loads > 20 MW km2 are available for connection to CHP scheme,  about 30 MW is distribution loss,  so net average heat load is 167 - 30 =  137 MW

A)  SCHEME with OCGT and WHB

SYMBOL 183 \f "Symbol" \s 12 \h
  heat available = 184MW for each unit,  so heat available is more than required for > 20MWkm2
SYMBOL 183 \f "Symbol" \s 12 \h
  assume on average some additional heat is vented, i.e. full heat extracted only when heat demand exceed 184 MW

We have  184MW of heat and 55 MW of electricity generated by gas

Environmental emissions, assuming a 90% load factor:-

SYMBOL 183 \f "Symbol" \s 12 \h
Total gas consumed =  239 * 86400 * 365 * 0.9 = 6.78 PJ
SYMBOL 183 \f "Symbol" \s 12 \h
CO2 emitted =  6.78 x 106 x 0.0506 =  343000 tonnes per annum

SYMBOL 183 \f "Symbol" \s 12 \h
SO2 emitted =  6.78 x 106 x 10-7     =  0.7 tonnes

SYMBOL 183 \f "Symbol" \s 12 \h
Total Primary Energy Requirement = 6.78 *1.06 = 7.2 PJ

· Heat from one unit is more than enough to meet average demand,  and with both units operating,  they would almost be able to cope with even the most severe winter's day.

· In practice,  a scheme would use both units (alternate use in summer for maintenance),  and retain some of existing boilers in places like City Hall,  Hospital,  County Hall,  City College,  Colman's etc. to provide back up in times of peak demand and in case of  breakdown.

How is present heating provided?

· For equivalent comparison we must include heating by the various means,  and also the electricity which is supplied by the station replacing electricity generated by coal/oil fired power station.

· No real statistics for Norwich,  but can estimate from National Data.

Approx.:   60%      gas

                   20%     electrical central heating

                   10%       electrical full rate

                   10%      other (coal/oil etc.)

Approximate Delivered Energy requirement on average is:-

0.6 * 137 / 0.7   =  117 MW or gas

0.3 * 137           =    41 MW of electricity  for heating
0.1 * 137 / 0.5    =    27 MW   (some oil/coal central heating)        

                                                                     some open fires (average efficiency = 50%) 

        and we would be replacing 55 MW  (at 90% load factor = 50 MW) of electricity from other sources which would now be produced by the CHP PLANT.

Total primary energy requirement  (3.0 PER for electricity)

                                                         1.06 for gas

                                                         1.04 for coal/oil)

         =  117 x 1.06   +  (41 + 50)  x 3  +   27 x  1.04 = 425 MW

         =  13.4  PJ

                Saving in Primary Energy  =  (13.4 - 7.2)/13.4 =  46.3%

B) Environmental Emission with existing situation:-

Delivered Energy:-

Electricity  91 MW   =    2.87 PJ

Gas          117 MW  =    3.69 PJ

Oil/ Coal    27 MW  =    0.85 PJ

CO2 emissions

 (2.87 x 0.191  + 3.69 x 0.0506  +  0.85 x 0.77) x 106  =  800334 tonnes

i.e. a reduction of 800344 - 343000 =  457344 tonnes per annum

SO2 emissions

 (2.87 x 0.0023  + 3.69 x 10-7  +  0.85 x 0.0013) x 106  =  7700 tonnes

or a reduction of 7700 tonnes per annum

Hence savings using CHP    457344/800344   

                        = 57% reduction in CO2
        and   (7700 - 0.7)/7700        =  99.99% reduction in SO2 
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Figures for CCGT method are more complicated to estimate as not all heat is available on average day AND SO FROM A SINGLE UNIT IT  WOULD NOT BE POSSIBLE TO PROVIDE ALL THE HEAT,  so for the balance of heat required we assume existing mix is used for residue.   What we are doing in fact is to produce more electricity with the CCGT option more efficiently than with the OCGT, but the penalty is that we have less heat available.

SYMBOL 183 \f "Symbol" \s 12 \h
On the other hand,  if we built another unit then since there is the heat demand in Norwich, this would be more attractive in energy conservation terms overall

13.10 Summary Comparison Of  City Wide Schemes


Primary Energy
CO2
SO2


PJ
saving

PJ
tonnes
saving

(tonnes)
tonnes
saving

(tonnes)

existing
13.4

800344

7700


OCGT with WHB
7.2
6.2
343000
457344
0.7
7699

savings (%)

46%

57%

100%



existing
18.7

1136448

11747


CCGT/CHP
9.7
9.0
523562
612886
1177
10570

saving (%)

48%

54%

90%

· Both schemes give substantial amounts of savings in both primary energy terms and environmental emissions.
Main advantage arises from using gas.
· In OCGT/ WHB scheme no heating at all needed in > 20MWkm2 area, but magnitude of savings not as great as in CCGT scheme.

· CCGT scheme is affected by not being able to cope with full heat demand,  but if an additional unit were built,  then savings by this method would be even more impressive.

13.11  Developments in CHP

       Unlike many other countries,  the apporach in the UK in the last decade has been towards smaller scale CHP units based on a small community.  SUch schemes include

· Blocks of Flats e.g. Norwich Mile Cross [see http:/www.chpa.co.uk/norwich.pdf]

· Hostpitals 

· Universities etc

These are almost all based on diesel or gas engines as the prime mover.

The heat recovered comes from three separate sources
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lubrication oil cooling
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jacket cooling
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exhaust gas heat recovery

13.12   Two Worked examples

13.12.1  CHP with CCGT - a worked example

There have been numeric questions related to this in examinations in the past.  The following is a typical example - see table at right.

What is vital is that you understand exactly what is going on and it is helpful to make a flow diagram to ensure that you account for all the losses.  

There are 2 thermodynamic efficiencies to evaluate,  one for the steam turbine, and the other for the gas turbine.

 First work out efficiencies of two turbines using formula:-
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Temperature
Temperature (K)

Inlet temperature to gas turbine
1127 oC
1400

Exhaust temperature from gas turbine
660 oC
933

Inlet temperature to steam turbine
577 oC
850

Condenser temperature
95 oC
368

Combustion losses
7.0%


Isentropic efficiency of both turbines
75.0%


Generator efficiencies
95.0%


Station use of electricity
5.5%


Distribution losses on heating mains
10.2%


1 unit of fuel in  has  0.07 units lost in combustion and of the 0.93 remaining,  0.93 * 0.25 is converted to mechanical energy in the gas turbine =   0.2325 units with 0.6975 units rejected as waste heat to the waste heat boiler.   Of the 0.2325 units of mechanical energy,  0.2209 produces electricity with 0.0117 units are lost in the generator.  This position is summarised in the diagram below 

· In the steam turbine,  0.6975 * 0.425 units of mechanical energy are produced =  0.2964 units

· while 0.6975 - 0.2964 = 0.4011 units of heat are rejected to the condenser.

· from the mechanical energy,  0.2964 * 0.95 units of electricity are produced  =  0.2816 units with 0.0148 units lost in the generator

· of the 0.4011 units of heat available   0.4011 * 0.898 =  0.360 units are available as useful heat energy after distribution losses.
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Now consider gas turbine

· finally of the 0.2816+ 0.2209 = 0.5025 units of electrical energy,  0.5025 * 0.945 = 0.475 units are available to be sent out and 0.0275 units are used on the station itself.

· overall conversion and supply efficiency =   
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                             =     (0.475  +  0.360)  * 100   =    83.5%

13.12.2   A small scale CHP scheme

Sizing a CHP correctly depends on many factors.

· Heat Demand in Winter

· Heat Demand in Summer

· Electricity Demand in WInter

· ewlectricity Demand in Summer

There are WEB pages giving details of a scheme from Strathclyde
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Heat Profiles   http://freespace.virgin.net/edward.guerra/Chp/uniheat.html  
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Electricity Profiles http://freespace.virgin.net/edward.guerra/Chp/unielec.tml

        It appears that these demands are rather less than at UEA but are probably similar. in shape

        In sizing a CHP, a key aspect is the disposal of Waste Heat, and this may determine the optimum size of plant.  It  is possible to dump heat using fans as is done at UEA during the summer,  but this uses energy, and there is clearly an optimum strategy to be adopted

The following is an approximate way to size a CHP scheme

The scheme involves six 1 MW CHP units to partly supply energy needs at an existing light industrial park currently heated by a district heating shceme fired by gas boilers with an efficiency of 80%..  

Provision in the CHP units is made to dump surplus heat up to a maximum of  2800 kW, however, when these are in operation they consume electricity at a rate given by  28.57% of heat rejected.

Estimate :

a)
the proportions of the electricity and heat demand likely to be provided by the CHP units.

b)
the overall proportional saving in primary energy from using the CHP units.

The overall primary energy ratios for gas and electricity are 1.06 and 2.90 respectively,  while the neutral (balance) temperature is 15.5oC. Hot water and process heat requirements are a steady thoughout year at 4 MW

Month
Mean Temperature (oC)
mean Electricity Demand (kW)

1
1.9
7800

2
4.5
7200

3
9
6800

4
12
6250

5
14
5800

6
16
5200

7
17
4800

8
16
4800

9
13
5200

10
11
6200

11
9
6800

12
4.1
7800

For an approximate estimate it makes sense to assume that each month has an equal number of days = 30 days.

The best way to solve this is in tabular form

In column 3 the heat required is worked out from the Temperature difference from the neutral temperature and the heat loss rate (1000 kW oC-1) - remembering of course that when the actual temperature exceeds the balance temperature there is no requirement for space heating.

i.e.  for month 1,   the value = (15.5 - 1.9) * 1000 =  13600 kW

In colum 4 the base load heat of 4000 kW for hot water and process heat is added

Column 5 is a repeat of the data for  the electricity demand, while column 6 gives the heat available from the CHP untis.   The heat output is 1.4 times that of electricity.   If the total electricity demand exceed the generating capacity (i.e. 6000 kW,  the the heat available from CHP will be 6000 x 1.4 = 8400 kW.  If the electricity demand is less than 6000 then the heat available will be the  actual electricity demand x 1.4.   Thus for January - April and October - December, the CHP output will be constant at 8400 kW thermal (6000 kW electrical),  but in the other months the available heat will be less.

           In the summer months,  the heat rejected is actually more than requried, and so column [7] is a revision of the heat supplied such that it equals the CHP output if the demand exceeds the CHP output,  but euqals the demand if the demand is less than the CHP output.  

Month
Temp

(oC)
Space Heat Demand (kW)
Total Heat Demand (kW)
Electricity

(kW)
CHP Heat available (kw)
Useful CHP Heat (kW)





[1]
[2]
[3]
[4]
[5]
[6]
[7]





Jan
1.9
13600
17600
7800
8400
8400





Feb
4.5
11000
15000
7200
8400
8400





Mar
9
6500
10500
6800
8400
8400





April
12
3500
7500
6250
8400
7500





May
14
1500
5500
5800
8120
5500





June
16

4000
5200
7280
4000





July
17

4000
4800
6720
4000





Aug
16

4000
4800
6720
4000





September
13
2500
6500
5200
7280
6500





October
11
4500
8500
6200
8400
8400





November
9
6500
10500
6800
8400
8400





December
4.1
11400
15400
7800
8400
8400





Column [8] is the supplementary heat requirement.  Thus in the summer months no additional heat is required,  but additional heat from the boielrs is needed during the winter.   

       Whenever the CHP heat output is restricted (as it is in the summer months), then the electricity output will also be restricted and will be the heat output as determined by column [7] divided by 1.4.  These values are shown in column [9]

       Finally,  the supplementary electricity required from the grid can be determined as column [10] = column [5] - column [9]

       For simplicity in this example, it is assumed that all months have and equal number of days at 30 days or 720 hours.   The totals are thus the annual energy requirements in each column (expressed in GWh).

Month
Temp.
Space Heat Demand (kW)
Total Heat Demand (kW)
Electricity (kW)
CHP Heat available (kw)
Useful CHP Heat (kW)
Supplementary Heat Needed (kW)
actual electricity that can be generated
Supplementary Electricity Needed

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]

Jan
1.9
13600
17600
7800
8400
8400
9200
6000
1800

Feb
4.5
11000
15000
7200
8400
8400
6600
6000
1200

Mar
9
6500
10500
6800
8400
8400
2100
6000
800

April
12
3500
7500
6250
8400
7500

5357***
893

May
14
1500
5500
5800
8120
5500

3929***
1871

June
16
0
4000
5200
7280
4000

2857***
2343

July
17
0
4000
4800
6720
4000

2857***
1943

Aug
16
0
4000
4800
6720
4000

2857***
1943

September
13
2500
6500
5200
7280
6500

4643***
557

October
11
4500
8500
6200
8400
8400
100
6000
200

November
9
6500
10500
6800
8400
8400
2100
6000
800

December
4.1
11400
15400
7800
8400
8400
7000
6000
1800




GWh
GWh
GWh
GWh
GWh
GWh
GWh

TOTALS


78.48
53.75
68.34
58.97
19.51
42.12
11.63

***   output restricted because of amount of heat to be rejected. - example assumes that heat dump is not used

Once the totals are available it is easy to compute the total Energy requiremenst both with and without CHP and to determine the effective saving in primary energy

The following data are assumed in the example:

Primary energy ratio: gas
1.06
efficiency boilers
85%

Primary Energy Ratio: electricity
2.90
overall CHP efficiency
90%

Situation before CHP


Total demand
efficiency
PER
Primary Energy


(GWh)


(GWh)

Heating
78.48
0.85
1.06
97.87

Electricity
53.75
1
2.9
155.88





253.74

Situation after CHP


Total demand
efficiency
PER
Primary Energy


(GWh)


(GWh)

CHP heating
59




CHP electicity
42




total CHP
101
0.9
1.06
119.06

supplementary heating
20
0.85
1.06
24.33

electricity
12
1
2.9
33.72





177.11
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There is thus a saving in primary energy of  253.74 - 177.11 =  76.63 GWh

       The figure below illustrates the contribution of space and hot water heating provided by the CHP units while that below shows the corresponding electricity demand, supply and import.      Notice that the import of electricity is bimodal with a peak in both winter and summer.  This is a reflection of the constraint in output imposed by the lack of a heat dump in the summer.

Provision of Heat from CHP units and auxiliary boilers
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Electricity Demand throughout the year – note the electricity imports (supplementary electricity) is highest when demand is lowest.

       Most CHP units of the type indicated have provision for a heat dump of limited capacity, for instance there may be scope for up to about 2800 kW heat dump for a scheme of the scheme illustrated.  However,  whenever the fans for the heat dump are in operation,  they consume not insignificant quantities of electricity.   If we include this heat dump then all months except June can produce sufficient electricity for the demand,  however, we may still have to import to cope with the demand for the fans.    

        In June, the basic heat demand is 4000 kW,  and if the maximum heat dump is indeed 2800,  then the maximum heat that can be rejected is 6800kW and is less than that required for the generation of 5200 kW of electricity,  and so the electricity generation will still be constrained in this month.   

        The difference between using the local heat dump and hence boosting electicity generated on site or importing electricity in summer can often be quite small in primary energy terms (according to the electricity mix at present).  What is clearly saved is the transmission losses,  but CCGT's potentially could be more efficient overall. 

        Normally the heat dump fans can be used for short transients,  but the decision on whether to generate the extra energy needed for the fans is usually based on economic reasons rather than environmental or resource reasons.

       13.13  SUMMARY POINTS

· Moderate development of CHP in industry

· Almost no development of CHP on town sized schemes in UK

· UK has largest number of small sized CHP units in Europe (e.g.  for single building - hospital etc.).

· Most City wide schemes in Europe were developed in 50s and 60s - cheap fossil fuel deterred development in UK  Some European countries have as much as 10-15% CHP on city wide schemes.

· Lack of co-ordinating energy body in UK (e.g. Local Authority) most significant drawback.  Also competition from Gas and Electricity Utilities not healthy for spread of CHP

· Often argued that heat density in UK is too low - compared with higher proportion of flat dwellers in Europe.  

· Schemes with low housing densities have been included in networks.

· Argued that it is not cold enough in UK -  Completely misses point,  that this IMPROVES the economics as the load factor is higher because less extremes of  temperature.

· Will require temporary disruption to streets,  but Norwich scheme could provide employment for 200 people for 10 years.

· Until 2001, the UK has seen a substantial increase in smaller scale CHP schemes in last decade and is reputed to be a world leader in terms of deployment of this types of facility.

However,  the onset of NETA (New Electricity Trading Arrangements) has meant that small scale systems are much less attractive than they were three years ago.  There is scope for improving the performance by using adsoprtion chilling (see section 14), and this is planend at UEA.
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THE UEA CHP Scheme – Notes from UEA Energy Ltd
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University of East Anglia

Estates & Buildings Division

‘Serving the University Community’

COMBINED HEAT AND POWER

Mr. WGE Rowe, Integrated Energy Utilities for WS Atkins

Mr. MC Pascoe, UEA Energy Manager

1.
BACKGROUND

In the UK, the generation of electricity is mostly achieved in large power stations where the majority of the energy used is rejected to the environment as waste heat. These generating plants burn various fuels such as coal, oil and gas with a thermal efficiency in the order of 40%. This means that more than half the fuel burned goes to waste!

Combined Heat and Power (ClIP) systems address this problem of waste by recovering a much greater quantity of rejected heat and putting it to a useful process such as space heating or a suitable industrial process. A modem CHP system is likely to provide a thermal efficiency in excess of 80%.

The majority of buildings on the UEA Campus site are supplied with heat from a district heating system fed from several large gas and oil fired boilers. Electricity, mainly used for lighting and power, is supplied from the Regional Electricity Company’s network connected near to the central boiler house and distributed around the site at high voltage.

The University was spending in excess of~1 million per annum on electricity and gas, on the Campus site. A study undertaken by Consultants WS Atkins showed that by installing an optimum size of CHP plant related revenue costs (including utility supply) could be reduced by £400k per annum at constant prices.

2.
THE CHP SCHEME

Three 1MW electrical capacity gas engine driven electrical generators were recommended to provide the best matching of heat and electricity demand, the most energy efficient operation and the lowest operating cost.

In order to achieve this high efficiency it was necessary to modify the district heating system to enable the circulating temperature to be reduced from the previous level of 150 0C to a maximum level of 100 0C. This involved the removal of heat exchangers, and provision of new valves and controls in the many plant rooms around the campus.

The cost of the whole project was £2.3 million, 60% of this was for the three CHP engine/generators. The remainder of the cost was for boiler house and heating plant room modifications and upgrades and for system design and management fees.

The predicted savings took account of the opportunity under the new electricity trading arrangements for UEA to sell electricity to an external trading company at times when the University demand is low. The full operating costs including engine maintenance and replacement of all wear parts by the suppliers over an a Contract period of 12 years and including the reduction in the gas supply tariff resulting from a higher continuous demand.

3.
ANNUAL HEAT & ELECTRICITY COST SAVING

Fig I shows the pre-CHP fuel and electricity operating expenditure in each month over a 12 month period; the predicted costs with CHP and the recent out-turn expenditure . The results show improvements over the estimated performance and costs also including CHP maintenance costs and system maintenance cost savings resulting from the modifications and upgrades. It should be noted that in January 2001 the price of gas increased by 86%. Despite this the scheme is still in profit compared with the case of no CHP and paying Climate Change Levy.

4.
SPIN-OFF BENEFITS FROM THE CHP SCHEME

The introduction of CHP also provides numerous spin-off benefits to the University:

· The reduction of the heating system water circulating temperature reduces thermal losses and increase the life of component parts, improve reliability and reduce maintenance costs.

· *.
The less arduous temperature and pressure of operation for the district heating system means that it no longer falls within statutory inspection regulations. Consequently the University saves on inspection fees, and the complete shutdown of the district heating system (for inspection and maintenance-related purposes) has become unnecessary.

· The boiler house which is more than 30 years old has been substantially refurbished as part of the ClIP implementation with a new low pressure unit, electrical control panels and the system heat distribution pumps. The boilers were unlikely to last many more years at the current levels of use. The ClIP scheme greatly reduces their operational hours and the lower operating temperature and pressure will significantly extend their working life.

· In the thirty heating plant rooms around the Campus, the existing items of equipment (such as calorifier tube bundles, three way control valves and high limit valves) were already in need of replacement or refurbishment in the short-medium term. These items have been replaced within the capital cost of the CLIP scheme, including the removal of a considerable quantity of asbestos insulation. The maintenance cost reduction resulting from the renewal of equipment is estimated at £50k per annum.

· Some occupied rooms adjacent to plant rooms have suffered from excessive heat gains from radiating surfaces on items of equipment. The use of lower primary temperatures and removal of the large surface area, attributable to calorifiers, has alleviated this problem. The alternatives, previously considered were to spend money on additional insulation and air conditioning.

· Previous problems with poor heat distribution to buildings at the extremities of the heat distribution system have been eliminated by converting the system from constant to variable flow operation. Furthermore the modifications have created spare system capacity which will enable new buildings in future to be added to the system.

· Connection of the new Sports Park has alleviated the need for it to fund its own boiler plant and CHP unit has gained from economies of scale. A small CHP for the SportsPark would probably have cost in the order of~60k and attracted separate maintenance and replacement liabilities.

· The additional future loading from new buildings or new facilities on the site would improve the financial viability of the CHP scheme, as the increased base load heat demand improves the ClIP utilisation. Expansion is already being planned and new connections to the site district heating system have been made since the CHP system was commissioned in 1998.

· The original district heating system was reliant on one main circulating pump with no full standby facility. This pump had never been overhauled and as such represented a risk to the security of site heating supplies. A new low energy variable speed pumping station including full standby capacity was provided within the ClIP scheme.

· •
The change to a variable volume heat distribution system including the removal of secondary pumping to air heater batteries is estimated to have reduced the electrical power needed for pumping at a cost equivalent of £8,500 per annum.

· Heating controls for many buildings were outdated and have been replaced with a modern computer-based Building Management System interface as part of the ClIP project. This has produced better control information (to the Estates Division) about defects and data to optimise the heating of those buildings.

· CHP is associated with environmental benefits which can be well illustrated by reference to the reduction in the resultant emission of carbon dioxide gas. Carbon dioxide is one of the prime contributors to global warming, caused by the excessive greenhouse effect. CHP will reduce the CO2 emission resulting from the supply of heat and electricity to the Campus buildings by more than 35% (8,600 tonne per annum). This represents a saving of 25% on the levels of emission in 1990 (despite an increase in electricity use of 29% since then).

· As a University with a special interest in the environment, UEA are therefore able to demonstrate a how ClIP makes a significant contribution towards environmental improvement. The Government has been looking for a 15% improvement within government buildings in recent years; and has referred to CHP as one means of achieving desired results.

5.
IMPLEMENTATION PROGRAM

The feasibility study was carried out in April/May 97.

A report and recommendation was made UEA Estates and Buildings Division in Aug 97.

UEA entered into the design and project management contract with Atkins in November 97

Construction works commenced in May 98 allowing boiler house and plant room system modification work including site preparation to accommodate the ClIP generators to be carried out during the summer period.

The installation of the CHP generators commenced in Nov 98 and were commissioned during January/February 99.

6.
PROJECT FINANCING

A financial appraisal of the project was undertaken by the UEA Director of Finance. The appraisal focused on the three options of leaving as status quo, changing the district-heating infrastructure to run at low temperature and thirdly to install CHP, which would also necessitate the infrastructure modifications.

The appraisal assumes an inflation rate of 3% overall and used a 6% discount rate. This revealed that, on a Net Present Value Basis, the third option of installing CHP along with necessary infrastructure changes was the most cost effective.

All the capital cost was funded by leasing. The leasing costs are the first call on the savings made in the Premises energy budget.

As with conventional external borrowing additional leasing for ClIP counted against the borrowing threshold as laid down by the Higher Education Funding Council (HEFC). The Director of Finance obtained approval for the relatively modest increase in the threshold.

For commercial reasons the University uses a subsidiary company, UEA Utilities, through which all power and water is supplied.

7.
DESIGN & CONSTRUCTION CONTRACT ARRANGEMENT

Projects of this type involving both construction and performance risk are often contracted out to a third party in an agreement where the system owner only obtains a share in the cost benefit or a cost saving heat and electricity tariff. The definitive study method used by WS Atkins however in which ClIP plant and system operation were accurately modelled enabled the system performance and all costs and incomes to be clearly identified, and a clear demarcation given of the contractual responsibility for the Engineer / Project Manager and the for ClIP generator supplier.

The Atkins Feasibility Study was therefore incorporated into their engineering design and project management agreement in an arrangement which enabled all the operating cost benefits from ClIP to be retained by the University.

Furthermore as Atkins were to provide detailed working drawings and specifications for all parts of the work it was possible, working in close liaison with the University management staff, to arrange competitive tendering and contracts directly with specialist suppliers and installers thereby saving the margins and contingencies which would be included under the alternative main contractor arrangement.

The working relationships between the Engineer, the Estates Management Team and the various suppliers and contractors listed in Section 8 has worked well and the contractual arrangement has proved to be successful with the project coming in on time and budget and slightly exceeding performance estimates. Indeed several additional upgrades were provided within the allocated funds.

8.
CONTRACTORS & MAIN SUPPLIERS

CHP GENERATORS & HV ELECTRICAL EQUIPMENT
Countryman Co-Gen using Deutz Engines



BOILERHOUSE & PLANTROOM PIPE WORK
Pruce Newman Pipework Ltd.

[also acting as Principal Health & Safety Contractor]

PLANTROOM PIPE WORK
West Norfolk Engineering

BOILERHOUSE AND HEAT DISTRIBUTION SYSTEM CONTROL & MONITORING
Aqua Control Services Ltd



BOILER & GENERATOR FLUES -
Ritevent

ASBESTOS REMOVAL & PIPEWORK INSULATION
East Coast Insulations



MAIN MATERIAL SUPPLIERS --
BSS

MAIN PUMP SUPPLIER
John Gaunt Pump Supplies

COOLING & HEATING COILS --
Eurocoils

COOLING FANS
Elta Fans Ltd

HEAT DISTRIBUTION CONTROL VALVES
Samson Controls Ltd

SCAFFOLDING
Eastern Counties Scaffolding
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question 5

		Energy Analysis						Mj m-2		volume		energy cubic metre				denisty		2.6

								368		0.004		92000		35384.6153846154		MJ per tonne

																				load		10		tonnes

		extraction		transport		process																distance		40		km

		500		60		30000		30560		loss (%)												fuel		3.1		km/litre

										15		0.85		35952.9411764706								12.9032258065		litres per trip

																						40		mJ/litre

										20000												51.6129032258

						requirement per tonne				30000		30000

				0		30000

		0		1		30000		30000

		0.01		0.99		30000		30303.0303030303

		0.02		0.98		30000		30612.2448979592

		0.03		0.97		30000		30927.8350515464

		0.04		0.96		30000		31250

		0.05		0.95		30000		31578.9473684211

		0.06		0.94		30000		31914.8936170213

		0.07		0.93		30000		32258.064516129

		0.08		0.92		30000		32608.6956521739

		0.09		0.91		30000		32967.032967033

		0.1		0.9		30000		33333.3333333333

		0.11		0.89		30000		33707.8651685393

		0.12		0.88		30000		34090.9090909091

		0.13		0.87		30000		34482.7586206897

		0.14		0.86		30000		34883.7209302326

		0.15		0.85		30000		35294.1176470588

		0.16		0.84		30000		35714.2857142857

		0.17		0.83		30000		36144.578313253

		0.18		0.82		30000		36585.3658536585

		0.19		0.81		30000		37037.037037037

		0.2		0.8		30000		37500

		0.21		0.79		30000		37974.6835443038

		0.22		0.78		30000		38461.5384615385

		0.23		0.77		30000		38961.038961039

		0.24		0.76		30000		39473.6842105263

		0.25		0.75		30000		40000

		0.26		0.74		30000		40540.5405405405

		0.27		0.73		30000		41095.8904109589

		0.28		0.72		30000		41666.6666666667

		0.29		0.71		30000		42253.5211267606

		0.3		0.7		30000		42857.1428571429

		0.31		0.69		30000		43478.2608695652

		0.32		0.68		30000		44117.6470588235

		0.33		0.67		30000		44776.1194029851

		0.34		0.66		30000		45454.5454545455

		0.35		0.65		30000		46153.8461538462

		0.36		0.64		30000		46875

		0.37		0.63		30000		47619.0476190476

		0.38		0.62		30000		48387.0967741936

		0.39		0.61		30000		49180.3278688525

		0.4		0.6		30000		50000

		0.41		0.59		30000		50847.4576271187

		0.42		0.58		30000		51724.1379310345

		0.43		0.57		30000		52631.5789473684

		0.44		0.56		30000		53571.4285714286

		0.45		0.55		30000		54545.4545454546

		0.46		0.54		30000		55555.5555555556

		0.47		0.53		30000		56603.7735849057

		0.48		0.52		30000		57692.3076923077

		0.49		0.51		30000		58823.5294117647

		0.5		0.5		30000		60000

		0.51		0.49		30000		61224.4897959184

		0.52		0.48		30000		62500

		0.53		0.47		30000		63829.7872340426

		0.54		0.46		30000		65217.3913043479

		0.55		0.45		30000		66666.6666666667

		0.56		0.44		30000		68181.8181818182

		0.57		0.43		30000		69767.4418604652

		0.58		0.42		30000		71428.5714285715

		0.59		0.41		30000		73170.7317073171

		0.6		0.4		30000		75000.0000000001

		0.61		0.39		30000		76923.076923077

		0		100		100		100

		2.5		97		95		93.2

		5		95		92		87.3

		10		90.5		86		80.7

		15		88		83		75.8

		20		86		80		73.2

		25		85		78		72

		30		85		77		71.3

		35		85		76		70.9

		40		85		75		70.7

		0		100.00		100.00		100.00				0.00

		2.5		99.49		97.44		95.59				0.00

		5		100.00		96.84		91.89				0.00

		10		100.56		95.56		89.67				0.00

		15		103.53		97.65		89.18				0.00

		20		107.50		100.00		91.50				0.00

		25		113.33		104.00		96.00				0.00

		30		121.43		110.00		101.86				0.00

		35		130.77		116.92		109.08				0.00

		40		141.67		125.00		117.83				0.00

		0		100		100

		0.025		93.2		93.2

		0.05		87.3		87.3

		0.1		80.7		80.7

		0.15		75.8		75.8

		0.2		73.2		73.2

		0.25		72		72

		0.3		71.3		71.3

		0.35		70.8		70.8

		0.4		70.3		70.3

		0.5		70		70

		0.6		70		70

		0.8		70		70

		1		70		70

		0.4

		0.4		100		118		100		100

		0.375		93.2		112.1875		96.3671875		98.8381410256

		0.35		87.3		106.75		92.96875		97.8618421053

		0.3		80.7		97		86.875		96.5277777778

		0.25		75.8		88.75		81.71875		96.1397058824

		0.2		73.2		82		77.5		96.875

		0.15		71.6		76.75		74.21875		98.9583333333

		0.1		71		73		71.875		102.6785714286

		0.05		70.5		70.75		70.46875		108.4134615385

		0		70		70		70		116.6666666667

						300		187.5

		0.4

		0.4		100.00		100.00		100.00		100.00		100.00		100.00

		0.375		95.16		95.76		96.37		97.60		98.22		98.84

		0.35		90.63		91.80		92.97		95.39		96.63		97.86

		0.3		82.50		84.69		86.88		91.67		94.10		96.53

		0.25		75.63		78.67		81.72		88.97		92.56		96.14

		0.2		70.00		73.75		77.50		87.50		92.19		96.88

		0.15		65.63		69.92		74.22		87.50		93.23		98.96

		0.1		62.50		67.19		71.88		89.29		95.98		102.68

		0.05		60.63		65.55		70.47		93.27		100.84		108.41

		0		60.00		65.00		70.00		100.00		108.33		116.67

		min		60		65		70

		coefficient		250		218.75		187.5

		0		100						"=70+187.5*(0.4-r)**2"

		0.025		96.3671875

		0.05		92.96875

		0.1		86.875

		0.15		81.71875

		0.2		77.5

		0.25		74.21875

		0.3		71.875

		0.35		70.46875

		0.4		70
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example 2

		

						15.5														0.2857142857														Net

		2000								max Heat Demand				1400		400								Max Heat		Max electricity		revised electricity generated		heat reject		heat balance		Electricity available		electricity Balance		heat required

		500				kW deg C								1.4		SUPPLEMENTARY hEAT												3000

								15.5		Electricity		CHP heat		boiler heat						3000

		Jan		1.9		6800		8800		3900		5460		3340		0		4200		OK		0		3000		3000		4200		4600		3000		900		4600		900		0

		Feb		4.5		5500		7500		3600		5040		2460		0		4200		OK		0		3000		3000		4200		3300		3000		600		3300		600		0

		Mar		9		3250		5250		3400		4760		490		0		4200		OK		0		3000		3000		4200		1050		3000		400		1050		400		0

		April		12		1750		3750		2800		3920		0		1		4200		0		5150		3678.5714285714		3000		4200		-450		2871		-71		0		0		-71

		May		14		750		2750		2400		3360		0		1		4200		0		4150		2964.2857142857		2964		4150		-1400		2564		-164		0		0		-164

		June		16		0		2000		2200		3080		0		1		4200		0		3400		2428.5714285714		2429		3400		-1400		2029		171		0		171		0

		July		17		0		2000		2100		2940		0		1		4200		0		3400		2428.5714285714		2429		3400		-1400		2029		71		0		71.4285714286		0

		Aug		16		0		2000		2000		2800		0		1		4200		0		3400		2428.5714285714		2429		3400		-1400		2029		-29		0		0		-29

		September		13		1250		3250		2600		3640		0		1		4200		0		4650		3321.4285714286		3000		4200		-950		2729		-129		0		0		-129

		October		11		2250		4250		3100		4340		0		0		4200		OK		0		3000		3000		4200		50		3000		100		50		100		0

		November		9		3250		5250		3400		4760		490		0		4200		OK		0		3000		3000		4200		1050		3000		400		1050		400		0

		December		4.1		5700		7700		3900		5460		2240		0		4200		OK		0		3000		3000		4200		3500		3000		900		3500		900		0

																																										heat supplied by CHP

																																						heat		electtricity		heat		Electricity		total

								totals		54500		35400																34250										13550		3543		40950		31857		72807.1428571429

										0.8		1																0.9513888889				proportion not supplied						0.8		1						0.8

										1.06		2.9																				proportion supplied						1.06		3						1.06

										72212.5		102660		174872.5																								17953.75		10274.2857142857						96469.4642857143		124697.5

																																						24.86%		10.01%

																																						75.14%		89.99%				28.69%

		Month		Mean Temperature		mean Electiricty demand

		1		1.9		3900

		2		4.5		3600								0.2857142857

		3		9		3400

		4		12		2800

		5		14		2400

		6		16		2200

		7		17		2100

		8		16		2000

		9		13		2600

		10		11		3100

		11		9		3400

		12		4.1		3900
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example 3

		

						15.5														0.2857142857														Net

		4000								max Heat Demand				2800		800								Max Heat		Max electricity		revised electricity generated		heat reject		Electricity available		electricity Balance				heat required

		1000				kW deg C		heat required						1.4														6000

								15.5		Electricity		CHP Heat		Supplementary Heat						6000				max elect

		Jan		1.9		13600		17600		7800		10920		6680		0		8400		OK		0		6000		6000		8400		9200		6000		1800		9200		1800		0

		Feb		4.5		11000		15000		7200		10080		4920		0		8400		OK		0		6000		6000		8400		6600		6000		1200		6600		1200		0

		Mar		9		6500		10500		6800		9520		980		0		8400		OK		0		6000		6000		8400		2100		6000		800		2100		800		0

		April		12		3500		7500		5600		7840		0		1		8400		0		10300		7357.1428571429		6000		8400		-900		5743		-143		0		0		-143

		May		14		1500		5500		4800		6720		0		1		8400		0		8300		5928.5714285714		5929		8300		-2800		5129		-329		0		0		-329

		June		16		0		4000		4400		6160		0		1		8400		0		6800		4857.1428571429		4857		6800		-2800		4057		343		0		343		0

		July		17		0		4000		4200		5880		0		1		8400		0		6800		4857.1428571429		4857		6800		-2800		4057		143		0		142.8571428571		0

		Aug		16		0		4000		4000		5600		0		1		8400		0		6800		4857.1428571429		4857		6800		-2800		4057		-57		0		0		-57

		September		13		2500		6500		5200		7280		0		1		8400		0		9300		6642.8571428571		6000		8400		-1900		5457		-257		0		0		-257

		October		11		4500		8500		6200		8680		0		0		8400		OK		0		6000		6000		8400		100		6000		200		100		200		0

		November		9		6500		10500		6800		9520		980		0		8400		OK		0		6000		6000		8400		2100		6000		800		2100		800		0

		December		4.1		11400		15400		7800		10920		4480		0		8400		OK		0		6000		6000		8400		7000		6000		1800		7000		1800		0

																if 1 - too much heat																										heat supplied by CHP

																																						heat		electtricity		heat		Electricity		total

								totals		109000		70800																68500										27100		7086		81900		63714		145614.285714286

										0.8		1																0.9513888889				proportion not supplied						0.8		1						0.8

										1.06		2.9																				proportion supplied						1.06		3						1.06

										144425		205320		349745																								35907.5		20548.5714285714						192938.928571429		249395

																																						24.86%		10.01%

																																						75.14%		89.99%				28.69%

		Month		Mean Temperature		mean Electiricty demand

		1		1.9		3900

		2		4.5		3600								0.2857142857

		3		9		3400

		4		12		2800

		5		14		2400

		6		16		2200

		7		17		2100

		8		16		2000

		9		13		2600

		10		11		3100

		11		9		3400

		12		4.1		3900
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Sheet4

		Example for lectures

						15.5														0.2857142857																				Net

		4000								max Heat Demand				2800		800				Max electricity								revised electricity generated		heat reject		Electricity available		electricity Balance				heat required

		1000				kW deg C		Total Heat Required						1.4						6000

								15.5		Electricity		CHP Heat		Supplementary Heat Needed		actual electricity that can be generated		potential surplus electricity		Maximum useable surplus		supplementary electricity needed		electricity for fans				import of electricity		No fans electicity		No fans import

		Jan		1.9		13600		17600		7800		8400		9200		6000		0		0		1800		0.0				1800.0		0.0		0.0

		Feb		4.5		11000		15000		7200		8400		6600		6000		0		0		1200		0.0				1200.0		0.0		0.0

		Mar		9		6500		10500		6800		8400		2100		6000		0		0		800		0.0				800.0		0.0		0.0

		April		12		3500		7500		6250		8400		-900		6000		0		0		250		257.1				507.1		5357.1		892.9

		May		14		1500		5500		5800		8120		-2620		5800		200		129		0		800.0				671.4		3928.6		1871.4

		June		16		0		4000		5200		7280		-3280		4857		0		0		343		800.0				1142.9		2857.1		2342.9

		July		17		0		4000		4800		6720		-2720		4800		1200		57		0		800.0				742.9		2857.1		1942.9

		Aug		16		0		4000		4800		6720		-2720		4800		1200		57		0		800.0				742.9		2857.1		1942.9

		September		13		2500		6500		5200		7280		-780		5200		800		800		0		222.9		89.1		0.0		4642.9		557.1

		October		11		4500		8500		6200		8400		100		6000		0		0		200		0.0				200.0		0.0		0.0

		November		9		6500		10500		6800		8400		2100		6000		0		0		800		0.0				800.0		0.0		0.0

		December		4.1		11400		15400		7800		8400		7000		6000		0		0		1800		0.0				1800.0		0.0		0.0

								heat electricity

								78.48		53.75		68.34				48.57												7.49												heat supplied by CHP

														129.9017142857																								heat		electtricity		heat		Electricity		total

														supp heat

		Jan												9200		6000		8400		9200								1800										0		0		0		0		0

		Feb												6600		6000		8400		6600								1200										0.8		1						0.8

		Mar												2100		6000		8400		2100								800										1.06		3						1.06

		April												0		5357		7500		0								893										0		0						0		0

		May												0		3929		5500		0								1871

		June												0		2857		4000		0								2343										0.00%		0.00%

		July												0		2857		4000		0								1943										0.00%		0.00%				0.00%

		Aug												0		2857		4000		0								1943

		September												0		4643		6500		0								557

		October												100		6000		8400		100								200

		November												2100		6000		8400		2100								800

		December												7000		6000		8400		7000								1800

														19.512		42.12		58.968		19.512								11.628

										720						112.32

										0.85

								1.06		2.9				CHP full								CHP  - no fans

								original PER						gas		electricity		supp heat				gas CHP		supply elec		supp heat

								97.8691764706		155.8692				137.6958171429		21.7301142857		24.3326117647				119.0592		33.7212

								TOTAL		253.7383764706						183.7585431933
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Sheet5

		Example for lectures

						15.5														0.2857142857																				Net

		4000								max Heat Demand				2800		800				Max electricity								revised electricity generated		heat reject		Electricity available		electricity Balance				heat required

		1000				kW deg C		Total Heat Required						1.4						6000

								15.5		Electricity		CHP Heat				Supplementary Heat Needed		actual electricity that can be generated		supplementary electricity needed

		Jan		1.9		13600		17600		7800		8400		8400		9200		6000		1800

		Feb		4.5		11000		15000		7200		8400		8400		6600		6000		1200

		Mar		9		6500		10500		6800		8400		8400		2100		6000		800

		April		12		3500		7500		6250		8400		7500				5357		893

		May		14		1500		5500		5800		8120		5500				3929		1871

		June		16		0		4000		5200		7280		4000				2857		2343

		July		17		0		4000		4800		6720		4000				2857		1943

		Aug		16		0		4000		4800		6720		4000				2857		1943

		September		13		2500		6500		5200		7280		6500				4643		557

		October		11		4500		8500		6200		8400		8400		100		6000		200

		November		9		6500		10500		6800		8400		8400		2100		6000		800

		December		4.1		11400		15400		7800		8400		8400		7000		6000		1800

								heat electricity

								78.48		53.75		68.34		58.97		19.51		42.12		11.63																						heat supplied by CHP

						PER				efficiency																												heat		electtricity		heat		Electricity		total

				gas		1.06		heating		0.85

				electricity		2.9		CHP		0.9

		Before				efficiency		PER				After						efficiency		PER																		0		0		0		0		0

		heating		78.48		0.85		1.06		97.8691764706		CHP		heating		59																						0.8		1						0.8

		electricity		53.75		1		2.9		155.875				electicity		42																						1.06		3						1.06

														total CHP		101		1.06		0.9		119.0592																0		0						0		0

														supplementary heating		20		1.06		0.85		24.3326117647

														electricity		12		2.9		1		33.7212

										253.7441764706												177.1130117647																0.00%		0.00%

																																						0.00%		0.00%				0.00%

										76.6311647059

				Example for lectures

								15.5														0.2857142857

				4000								max Heat Demand				2800		800				Max electricity								revised electricity generated

				1000				kW deg C		Total Heat Required						1.4						6000

										15.5		Electricity		CHP Heat		Supplementary Heat Needed		actual electricity that can be generated		potential surplus electricity		Maximum useable surplus		supplementary electricity needed		electricity for fans				import of electricity

				Jan		1.9		13600		17600		7800		8400		9200		6000		0		0		1800		0.0				1800.0		9200

				Feb		4.5		11000		15000		7200		8400		6600		6000		0		0		1200		0.0				1200.0		6600

				Mar		9		6500		10500		6800		8400		2100		6000		0		0		800		0.0				800.0		2100

				April		12		3500		7500		6250		8400		-900		6000		0		0		250		257.1				507.1		0

				May		14		1500		5500		5800		8120		-2620		5800		200		92		0		800.0				708.2		0

				June		16		0		4000		5200		7280		-3280		4857		0		0		343		800.0				1142.9		0

				July		17		0		4000		4800		6720		-2720		4800		1200		41		0		800.0				759.2		0

				Aug		16		0		4000		4800		6720		-2720		4800		1200		41		0		800.0				759.2		0

				September		13		2500		6500		5200		7280		-780		5200		800		571		0		800.0		320.0		0.0		0

				October		11		4500		8500		6200		8400		100		6000		0		0		200		0.0				200.0		100

				November		9		6500		10500		6800		8400		2100		6000		0		0		800		0.0				800.0		2100

				December		4.1		11400		15400		7800		8400		7000		6000		0		0		1800		0.0				1800.0		7000

								heat electricity

								43.92		78.48		53.75		68.34				48.57												7.54		19.51

						PER				efficiency												1 uniot produces 1.4 heat

				gas		1.06		heating		0.85

				electricity		2.9		CHP		0.9

		Before				efficiency		PER				After						efficiency		PER

		heating		78.48		0.85		1.06		97.8691764706		CHP		heating		59

		electricity		53.75		1		2.9		155.875				electicity		49

														total CHP		108		1.06		0.9		126.6548571429

														supplementary heating		20		1.06		0.85		24.3326117647

														electricity		8		2.9		1		21.8749957735

										253.7441764706												172.862464681
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