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ABSTRACT

Cogeneration of heat and power in diesel engines coﬁverts a high
fractionnof fuel input energy to electricity, gives highoverall energy
recovery, and therefore a high value added to the fuel. However the
diesel engine has traditionally been designed only as a power unit:
in this thesis the design parameters. of éngine and heat recovery
equipment have been re—examined further with the aim of optimising
performance for cogeneration.

Most diesel cogeneration schemes are presently constrained to
meet the local power demand; removal of this constraint could significantly
improve scheme economics, but requires that.electricity be traded at a
'fair' price. The proper valuation of CHP electricity and the consequent
optiéisation of scheme operation is developed here. Maximum benefit from
diesel cogeneration may be derived from this optimisation of both design
and operation.

Computer simulations of both engine‘and waste heat boiler were
developed and used to‘investigéte a number of options for improving
exhaust heat recovery. Heat recovery from the engine cooling circuits
was also studied. Reduction of valve overlap and higher pressure drops
across the waste heat boiler were found significantly to increase exhaust
heat recovery: the necessary design changes and their value are discussed.:

The 'fair' price for CHP electricity is shown to be the electricity
supply industry's marginal generating costs. These costs were calcu%ated
by a probabilistic simulation model, and together with models developed
to simulate site operation, and methods for calculating displaced
capacity, used to evaluate the economics of diesel cogeneration at two
sites. The economic returns on diesel cogeneration are found to be

strongly dependent on the rate of increase of the oil to coal price ratio.



The potential contribution of diesel cogeneration is therefore limited
by the depletion of o0il reserves rather than the availability of

suitable sites.
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CHAPTER 1

INTRODUCTION

Cogeneration is the complementary generation of heat and
power. The term combined heat and power, abbreviated CHP, will
be used synonymously. . The method of cogeneration considered is
that in which the prime mover produces electricity, and rejects
heat for process or space heating. This is sometimes referred to

as a 'topping' cycle, as distinct from a 'bottoming' cycle, in which
waste heat from another process 1s used to generate electricity.

By maximising the conversion of heat energy to work in therm-
odynamic cycles, modern central power stations may generate
electricity at up to 40% efficiency, but in so doing reject the
remaining 60% as heat at too lowAa teméerature to be of significant
use. Cogeneration, by meeting needs for both heat and power, can

convert around 80% of fuel energy input to useful energy.

This introductory chapter gives some background information,
firstly on the energy situation and secondly, more specifically on
CHP. It then identifies the need for the research, and describes

the format of the thesis.



- 15 —

1.1 THE ENERGY SITUATION

The 20th century has seen a very rapid rise in the rate of
energy demand in industrialised countries. A wide range of
forecasts and scenarios of future energy demand exists. Many
'conventional' forecasts assume a continuation of economic growth
and with it, rising energy consumption, typically in the UK at a
growth rate around 1-3% per annum (eg. Ref.21). The scenario of
Leach (Ref.50) postulates economic growth with steady energy
consumption in the UK. More extreme scenarios question the need
for continued ecqnomic growth in the industrialised world, and can

show falling rates of energy demand.

' Readil& available supplies of fossil fuels; initially of coal
and more recently of oil, have permitted this rapid increase in
coﬁsumption. Fossil fuel resources are however finite: in the
UK indigenous supplies of oil and gas are likely to be on the decline
at the turn of the century, supplies of coal will last somewhat
longér. Energy supply replacements are generally considered to
be nuclear power and the renewable energy sources. These are
capital intensive technologies whose rate of introduction is limited.
The result in many of the conventional energy growth sceharios is a

conceptual 'gap' between supply and demand.

Energy conservation, as a moderator of demand, has therefore
recently assumed increasing importance in all future scenarios,

although there is again a wide range of opinion on the possible
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savings and the vigour with which it should be pursued. Cogeneration
saves fuel and hence there is considerable interest in its potential
as an integral part of energy conservation programmes. Recent UK
reports on energy conservation (Refs. 65 and 12), and the 1978 Green
Paper, 'Energy Policy' (Ref.21), have all mentioned cogeneration in

this context.

1.2 THE COGENERATION SITUATION

Two types of cogeneration may be identified: that associated
with a district heating load, district heating/CHP, and that serving
an industrial process or space heating load, industrial cogeneration.
The dividing line between them is indistinct, as for example in the
heating of industrial or commercial offices, but is generally the
difference between a local, concentrated heat requirement in industry,

and a more dispersed heat load for district heating.

At present around 15-20% of the UK's industrial electricity
requirement is self-generated: of this, 70% is in CH? schemes having
an average heat to power ratio of 7.7:1 (Refs. 17,27). Figures for
European countries, compiled from another source (Ref.37), show
industrial self-generation as a percentage of total national
electricity generation in 1975 to be almost the lowest in the UK
at approximately 8%, and ranging up to 20.8% in West Germany,

71.4% in Luxembourg. The ratio of private to total electricity

generation in the UK has declined steadily over the last 20 years,
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although the absolute quantity of industrially generated electricity
has in;reased (Ref.5). This decline in the percentage contribution
of industrial self-generation (and by inference, industrial CHP) is

paralleled in the US where as a fraction of the total US electricity

consumption it has declined from 22% in 1920 to 4% in 1976 (Ref.92).

A survey of industrial cogeneration schemes contemplated or
implemented in the UK in the past shows one fairly common trait:
that interaction with the grid is reduced to a minimum. The
electricity supply industry operates almost no schemes in the UK.
Only rarely is electricity exported from the private schemes, and
hence the heat and power requirements of industry have usually
resulted in the high heat to power ratio steam or gas turbines being
chosen. The constraint of meeting both the local heat and power
demands is frequently cited as being a severe impedement to the

economics of industrial cogeneration.

District heating/CHP is widely used in the communist countries
of Eastern Europe (Ref.26). Denmark and Sweden are two countries
of Western Europe notable for their use of district heating/CHP, |
other countries have smaller but ndt insignificant amounts, but
there is very little in the UK. Low density dwelling patterns in
the US are less suitable for district heating/CHP but renewed

interest is now being shown in district heating for city centres.

The situation in the UK is therefore that heat and'power demands
are generally met separately. Electricity is generated in large power
stations, usually situated conveniently for their fuel source, remote

from the load. Fuel is burnt locally to meet individual heat



- 18 -

demands. It is interesting to examine the factors whereby this

situation may have arisen.

In the UK a monopolistic electricity supply industry (ESI) has
been set up to rationalise the supply of electricity, and whose
purpose is to provide the Nation with electricity cheaply and
reliably. The ESI has essentially approached this objective by
developing larger, more efficient power stations (the economies of
scale), and by constructing a national grid by which the operational
advantages of diverse supply and demand can be gained. The trend
then has been to larger, remotely sited plants with lower manning
levels, and centrally planned expansion programmes and system operation.
To adopt cogeneration, particularly based on industrial heat loads
but also for district heating, would reverse these trends: plant
would be smaller, sited on heat loads and might require higher‘manning
levels. System expansion planning would be subject to further local
influences and constraints, and system operation would be complicated

by the requirement to meet the additional non-electrical loads.

Therefore although the ESI in the UK has the statutory duty to
investigate methods of using 'waste' heat from electricity generation,
it is not entirely surprising that they have avoided any significant
involvement with CHP. The marketing of CHP heat, a peripheral duty,
would involve a disproportionate amount of management effort from the

view of the ESI's main concern.

In a period of falling real price of electricity and increasing
reliability and quality of the public supply, the decline in privately
cogenerated electricity could be expected. The extent to which
private electricity generation has been discouraged by the ESI as

policy is the subject of some debate (eg. Ref.54), The situation
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in other countries is rather different as already explained. The
local economic and institutional conditions that have determined

these differences_are discussed in refs. 17,54,51.

It is important at this stage to consider whether events may
have changed the situation for CHP. Fossil fuel prices and hernce
the cost of electricity generated from fossil fuels have risen
sharply in real terms since the large oil price rises of 1973, discont-

inuing the previous trend of decreasing real prices. The capital/

fuel cost ratio of energy produced from fossil fuels that is so
important in capital investment decisions has therefore generally

decreased, and is likely to continue to do so in future.

It is feasible that the balance on CHP investment decisions in
the private sector has changed, or will soon do so. The utilities
may be spurred to reconsider the path of economy of séale and power
station siting policies, and to consider the effort of CHP and the
marketing of heat worthwhile. This incentive will be reinforced by
the diseconomics of scaie, for example high outage rates and long
construction times, that are becoming apparént. Governments faced
with absolute shortages of energy or crippling balance of payments
problems to purchase it, may feel justified in distorting industrial
investment decisions in favour of energy conservation, or in widening

the formal objectives of the utilities to include the marketing of

heat.

As a result of the 'energy crisis' of 1973 and the recognition
of the need to conserve finite fossil fuel resources, much attention
has recently been given to CHP. In particular three reports have

resulted in the UK: Kendall (Ref.47), Fells (Ref.5), and the combined
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heat and power group under the,chairmanship'of Dr. W. Marshall

(Refs. 19,17). Kendall concentrates on industrial cogeneration,
surveying industrialists' decision making processes on cogeneration,
and concludes that under industrialists' perceptions of present
economic and institutional conditions, industrially owned cogeneration
is unlikely to make much impact. The report of Fells, et al also
concentrates on industrial cogeneration, and while presenting some
interesting studies on the interaction between privately owned

schemes and the electricity supply industry, does not attempt any

comprehensive analysis of the potential for CHP.

Probably the most influential report is that of the combined
heat and power group, representing as it does, the findings of a
distinguished group acting under the auspices éf the Department of
Energy. The emphasis is on district heating/CHP and despite low
economi; returns at present day prices, it is reﬁommended that long
lead times and the need to preserve a future option justify the
initiation of a large, subsidised demonstration CHP/district heating
scheme. They conclude that most of the industrial heat load suitable
for CHP is already supplied in this way. Thinking on the type of
prime mover and integration with the grid is inconsistent: while
praising the merits of a scheme having a high electrical generating
efficiency and being fully integrated with the grid, examples presented
assume the need to meet locally the heat and power demands and use
high heat to power ratio prime movers. A lack of suitable sites and
the high rates of return required by industrialists are held to severely
limit Ehe potential for industrial cogeneration, although a cautious
recommendation is made for indﬁstrialists' investment decisions to be

distorted more into line with the nationalised energy supply industries'
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investment criteria.

1.3 THE NEED FOR RESEARCH

Steam cycles for conventional electricity generation have been
highly optimised, resulting in the high present day design generating
~efficiencies. On the other hand the items of plant constituting
a cogeneration scheme, particularly the prime-movers, are usually
designed sepérately and for purposes other than cogeneration. It
is therefore likely that there is potential for design modification

to cogeneration plant, to optimise the cogeneration system.

The ratio of values of power to heat is usdally around 2 or 3
to 1. The 'best practice' for separate production of heat and
power gives efficiencies around 80% for heat and 40% for power.
Therefore to maximise both the value added to the fuel and the energy
saved, a cogeneration technology must not only have high overall rates
of energy recovery from the fuel input, but also convert a high

proportion to electricity.

The diesel engine is a developed and readily available technology
having a high electrical generating efficiency, and giving up.to 80%
energy recovery in cogeneration schemes, The diesel engine has
traditionally been designed as a power only unit, not as a cogeneration
prime—hover. An opportunity was therefore perceived for the re-

examination of the design parameters of engine and heat recovery
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equipment, to optimise the design of the diesel cogeneration system.

High electrical generating efficiencies in cogeneration schemes
may frequently résult in more electricity being produced than can be
consumed locally. Electricity is more readily transportable over
long distances than heat, and so whereas demands for heat must be
met locally, electricity production need not be so constrained. The
existence of a national distribution network for electricity in the
UK means that in principle advantage may be taken of the diversity

of electrical loads.

This added degree of freedom for cogeneration operatiqn, not
frequently used in the past, requires that a value be attached to
the exported electricity. Discussion of the value to all parties
of independent or utility CHP when connected to the grid, has had
little theoretical foundation. A method of valuation of CHPT
electricity and capacity to the interested parties is therefore needed.
In this way the optimal operation of cogeneration schémes mé? be
determined. The resulting cogeneration economics may then be compared

to other electricity supply options, and cogeneration potential assessed.

The higher physical concentration of heat loads in industry,
gives reduced costs for heat distribution over those for district
heating. District heating/CHP costs are strongly dependent on the
heat load density, and so any domestic conservation measures will be
unfavourable to district heating economics. Heat distribution net-
works already exist in industry, and conservation measures if planned
in conjﬁnction with cogeneration design should have small but perhaps

even beneficial effects on industrial CHP economics. The association
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of process and space heating loads will in many cases give higher
annual load factors for industrial cogeneration than district

heating/CHP.

These advantages of the industrial heat load over the district
heating load, were felt to make it the more favourable option, and
this thesis therefore concentrates on industrial cogeneration. The
design considerations for diesel cogeneration and the method of
analysis of operational value, will however also be applicable to
district heating/CHP. The study concentrates on the UK situation,
but many of the analyses will be applicable elsewhere. Although
interest in CHP arises out of its conservation of energy, economic
returns are used as the measure of benefit. Value is allocated

over time by discounted cash flow methods.

1.4 THESIS FORMAT

The thesis is divided into eight chapters in all: 2 to 4 are
broadly concerned with system design, 5 to 7 with operation, the
first is the introduction, the last, the conclusion. Chapter 2
gives some engine development history, and describes the engine and
boiler models developed for the study. Chapter 3 then presents the
design modifications considered for cogeneration and some limiting
criteria on engine alterations. Chapter 4 concludes the first part
of the work by presenting the results and conclusions on design
modification. The study on cogeneration operation commences with

chapter 5: a description of the valuation methods for the electricity
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and capacity of the marginal CHP scheme. Chapter 6 then presents
industrial case studies, some incorporating the design modifications
of chapter 4, of fhe operation of diesel cogeneration schemes, using
the methods of analysis given in chapter 5. In chapter 7 the
results and conclusions of the previous chapters are drawn together
with information on the industrial heat load, to give some indication

of diesel CHP potential. -

The sequence of the chapters is therefore such that the
perspective of the study opens out from the detail of design mod-
ification of the scheme components, to fhe broader considerations
of the operation of the scheme, and finally to the possible role of

diesel CHP schemes in the UK energy supply system as a whole.

In addition to the main chapters there are 5 appendices. More
detailed theory of the models and their descriptions are given in
appendices 1 to 4, in order not to obscure the development of the
analysis in the main text. Certain symbols find common use through-
out the main text and hence a list of these together with a list
of abbreviations used are given in appendix 5. Other symbols are
just used locally and hence are defined in the text as they occur.
Figures and tables for each chapter are presented at appropriate points
in the text. Systeme Internationale units, or close approximations

thereto, are used throughout.
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CHAPTER 2

DESIGN METHODS AND DEVELOPMENT TRENDS

2.1 INTRODUCTION

Chapter 2 serves as an introduction to the more detailed
design optimisation of diesel cogeneration systems presented in
chapters 3 and 4. The past development trends and philosophies
are reviewed, and the present and possible future development paths
surveyed. The reasons for the choice of engine and boiler types
studied in the succeeding two chapters are then presented. The
methods of analysis of engine and waste heat boiler are described

here, and in more detail in appendices 1 and 2.

2.2 ENGINE DEVELOPMENT HISTORY

The modern diesel engine is the result of over 50 years of
research and development: figure 2.1 shows the development trends
(represented by some important parameters) over the last 30 years
(Ref.44). The increasing pace of progress over the past 15 years,

evident from this figure, has been facilitated by the adoption of
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more sophisticated development techniques, and in particular by

the advent of the computer in the early 1960's.

In the contgxt of this thesis it is important to realise that
the diesel engine has been developed exclusively as a power producing
unit, i.e. to produce motive power as cheaply and reliably as possible.
Hence to the engine designer the enthalpy of the exhaust gas and
engine cooling circuits is implicitly regarded as having no value,
other than to enhance the power producing capability of the engine,
for example by turbocharging. When heat is recovered it is regarded

as 'an additional bonus'.

The main aims of development have been to reduce the capital
cost per kW of maximum power output, to increase the brake efficiency,

and to improve reliability on a wide range of fuels.

Reduction in specific capital cost has been achieved by increasing
the output from a given size of engine. This may be done by increases
to speed or brake mean effective pressure (abbreviated bmep). The
potential for increasing engine speed is limited by the inertia of
the reciprocating parts, and decreases in combustion and brake
efficiency. Hence the increase in speed over the last 20 years has
not been great. Most of the increase in specific output has come
from.increases in bmep, which have largely resulted from the épplication
of turbocharging to the engine. The introduction of turbocharging
gave rapid increases in bmep, and for example between 1950 and 1960
the real specific cost of engines dropped by 26%; the specific
volume_and weight were reduced by 20-40% and 40-50% respectively,

during the same period (Ref.70).
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Significant increases in brake efficiency came with turbo-
charging, but the efficiency is now reaching a peak, and may
actually decling_at higher bmep's (figure 2.2, ref.70). Engine
reliability has also improved, and the range of acceptable fuels

widened.

The thermal and mechanical limits of the 4-stroke engine have
not yet been reached, but those of its single stage turbocharger
have. This has led to the recent divergence in development trends
shown in figure 2,1. Some manufacturers have gone for increased
reliability using normal turbochargers, others have used two stage or
high pressure ratio single stage turbochargers to achieve higher
bmep's and hence still lowerbspecific weight, volume and, possibly,
cést. 2-stroke engines are less highly rated than 4-strokes, and

limitations have not yet been reached on turbochargers.

2.3 PRESENT DAY DIESEL TECHNOLOGY

It is informative to see where the development paths have led
at the present. Tables 2.1 and 2.2 have therefore been included
to show the type of engines available in the late 1970's, and some

of their important design parameters.

Table 2.1 shows the results of a comprehensive survey (Ref.22)

of diesel engines sold by manufacturers from the non-communist sector

for power generation, in the year ending May 1978 and in the 10 years
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TABLE 2.1

Diesel Engine New Orders June 1977 - May 1978

%

%

Range MW | Number | %

5 Standby | Peaking | Continuous | Diesel } HFO Dual
1-2 i 572 56.6 24.3 6.1 69.6 87.4 11.4 .
2-3.5 232 23.0 40.5 4.3 55.2 81.9 15.5
3.5-5 61 6.1 23.0 11.5 65.5 67.2 31.1 .
5-7.5 54 5.4 20.4 13.0 66.6 63.0 | 37.0
7.5-10 48 4.8 41.7 58.3 83.3 14.86 2.1
10-15 25 2.5 100.0 56.0 44.0
15-20 12 1.2 100.0 100.0
20-30
30-60 4 0.4 50.0 25.0 25.0 100.0
Totals | 1008 27.8 6.0 66.2 81.6 16.9 1.5

Installed or ordered 10 years prior to 1977 spring 1MW

Number | % Diesel | HFO |{Dual
1-2 1772 35.9 84.4 12.5 3.1
2-3.5 1799 36.5 81.8 15.0 3.2
3.5-5 481 9.7 ~ 50.1 39.9 | 10.0
5-7.5 619 12.5 33.1 58.5 8.4
10-15 83 1.7 33.7 66.3
15-20 21 0.5 19.0 8l.0
20-30
30-60
Totals 4934 71.2 24.5 4.3




TABLE 2.2

survey of Medium Speed 4-Stroke Engines: Some Important Paramecters

Manufacturers Name Allen MAN MirrleesjMitsui Ruston Semt-Pielstick Sulzer
Engine Name S-12 |S-37&370 52/55 K-Major 42M RKC AT350 PA PC A 240/48 65/65
1. Output Range (MW) 0.3=2 1-3 4.5-13.4} 1.1-8 3.35-10 1-2.8 2.1-6.5] 0.5-4.4 2.9-20 |0.62-3.6 3-9.9 8-15.9
2, Speed (rpm) 750 600 430 500/600 530 750/1000 600 900-1500 | 375-514 1000 500-600 400
. Pul tant wire : '
s fll:r:s/:::fgf:g Presmrelpulse ‘ Pulse Pulse Pulse Pulse | Pulse Pulse Pulse g:z:;z::
4, Boost Pressure Ratio .
at full load 2.5 bar 2.4 2.8 2.7 3 2.3-2.5 2.7 2.8-3.1 3.1
5. bmep (bar) 12.6 12—-15 17.9 17 20.4 19.7 20.4 /16.8-17.6{19.7-21.3} 16.3 20 18.4
at 750 rpn
6 Te full 50020 o 550 540 480 430-480 530 530-550 490
. To load 370°C 426°C 360 370 400-425
7. nb {3;2 0.40 0.41 0.42 0.41 0.42 0.40 0.40 10.37-0.39 0.41 0.40 0.42-0.43 0.41
8. Fuel viscosity Limit | .0, [ g0 3500 3500 | 3500 1500 3500 1500 3500 1000 3500 . | 3800
(SRI) at 750 rj
9. Weight/power ratio
(Kg/KW) 16-20 16-17 11.4-12.2} 14-26 9.4-12
0. Valve overlap °CA s120° | 120° 120° 140 168
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previous to May 1977. No attempt is made to categorise the engines
as 2 or 4-strokes, but it does show the size distribution to be
heavily weighted in numbers to the 1-3.5 MW range. A large pro-
portion (around'éG%) are used for continuous generation, and the
percentage burning heavy fuel oils (abbreviated HFO) increases with

size.

Many-of the major European engine manufacturers were contacted
at the commencement of this project to obtain information on their
product ranges. Table 2.2 shows the result of this survey, together
with information on one Japanese manufacturer (Mitsui). The table
is limited to6 medium speed (400-1000 rpm), 4-stroke engines, as the
study will concentrate on this type, for reasons explained more fully
in section 2.5. Of particular note is the narrow range of boost
pre;sure ratio, exhaust temperatures and brake efficiencies at full
load, and the long valve overlap periods. This uniformity will be
important in generalising the conclusions drawn about the particular

engines studied.

2.4 POSSIBILITIES FOR FUTURE DEVELOPMENTS

It is worth first reviewing the present situation in engine

development:

1. The engine brake efficiency has settled at a peak of around
0.4-0.42 (table 2), and the medium term ( $10 years) prospects for

substantial improvements are not good. Longer term (%10 years)
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the 'adiabatic' engine, in which the cylinder is not cooled, may

have significantly higher brake efficiency.

2. The diverg;nce in trends of boost pressure shown in figure

2.1 is an indication that the reduction in specific engine cost by
higher turbocharging levels has reached a limit imposed by turbo-
charger technology, and that the economics of going to higher boost

levels may be marginal.

The future for diesel engine manufacturers in a period of
declining o0il resources is uncertain. = It is realistic -to assume
however that the price of fuel will rise relative to the capital
cost of the engine. Traditional markets, for example the marine

market, have recently contracted, and as a result manufacturers are

exploring new fields, of which one is CHP.

Past trends in development, have reached a period of diminishing
returns; new markets are being sought for output. An example will
now serve to show the potential economic benefit of a re-optimisation

of diesel engines for CHP applications.

A design change is considered which increases the heat recoverable
from the engine by 5% of the fuel input energy, at little increased
capital cost. At a load factor of 0.75, a brake efficiency of 40%
and a heat value of 0.64 p/kWh (corresponding to a 1979 HFO cost of
£60/tonne burnt at 80% efficiency), this extra heat is worth £5.25
per installed kW per year. Between 1950 and 1960, by intensive
development, the real capital cost per kW was reduced by 26%,
corresponding to a reduction in the annual charge on a £100/kW engine,

at 10% discount rate over a 20 year life, by £3.1/kW.
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The benefit of the increased heat recovery is therefore
comparable to the reduction in capital charges resulting from 10
years of development. If a straightforward method for enhancing
the heat recovery can be found, the economics of the diesel engine
as a CHP prime mover could be improved very quickly relative to its
economics as a power only generator. The incentive for the study
is therefore evident, but before proceeding to the presentation of

results, the reasons for the choice of engine type and the method-

ology adopted must be given.

2.5 THE CHOICE OF ENGINE TYPE

Three diesel engine types might be considered for diesel
cogeneration: slow or medium speed 2-stroke, medium speed 4-stroke,
and dual fuel engines. High speed engines are not suitable for

continuous duties.

2-stroke engines are at a disadvantage with respect to 4-stroke

engines for the following reasons:

1. Figure 2.1 shows that the bmep of the 2-stroke engine is less
than that of the 4-stroke, resulting in a higher specific cost for
the 2-stroke engine. The price of the 2-stroke may be as much as 50%

higher than the 4-stroke (Ref.2).

2. The cost of civil works forms a significant fraction of a CHP
system: c¢ivil works for the more massive 2-strokes may be 60%

higher than those for the 4-stroke (Ref.2).



- 35 -

3. The alternator required for the slow speed 2-stroke engine is

more expensive than that for the 4-stroke.

4. The advantage that the 2-stroke used to possess in being able
to burn poorer quality fuel has been eroded by developments to the

4-stroke engine.

5. A smaller fraction of the exhaust heat may be recovered from
the lower temperature exhaust gases of the 2-stroke (Fig. 2.1). The
low exhaust temperatures result from the high excess air ratios

necessary for the operation of the 2-stroke cycle.

2-stroke engines will therefore not be specifically considered
further. However some of the conclusions pertaining to the 4-stroke
engines will be applicable to the 2-strokes. The comparison with dual
fuel engines is not as clear, the economic balance being determined

by the relative prices of gas and oil.

Figure 2.3 shows the performance of the Mirrlees K-Major 4-stroke
engine in normal and dual fuel forms. The dual fuel:égginq;has the
disadvantage of higher capital costs as it is less highi; r%ued, but
the advantages of lower maintenance and lubricating oil costé, and a
higher rate of heat recovery from the sulphur free exhaust (when
burning natural gas) which may be cooled to 120°C. Low temperature
corrosion problems normally limit stack temperatures to 200°C on HFO
burning engines. Total generating costs for a range of fuel prices
were calculated, assuming a load factor of 0.75, a discount rate of
10% and a life of 20 years, and including maintenance and lubricating
0il costs. The results are presented in figure 2.4 for the dual fuel
engine with the exhaust cooled to lZOOC and ZOOOC, and for the oil

burning engine.
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If gas were to be sold at the heavy fuel oil (HFQ) price (A),
the dual fuel engine with its exhaust temperature reduced to 120°%C
has the advantage. However the situation is reversed when the gas
is sold at the a&erage price for new gas supply contracts (B), and
even more so if the gas is at the gas-oil price (C), as is likely to
be the case with the British Gas marketing policy. The heavy fuel
0il burning engine is therefore on the whole the better option and
is the engine studied in depth in the following 2 chapters. The
special problems that burning HF0 incurs will be treated in depth in

chapter 3.

2.6 THE APPROACH ADOPTED

The process of engine improvement is a continuous one, improve-
ments being made to the existing technology, using the experience
gained from past development. The approach then has ﬁot been to
design a cogeneration engine from first principles, but to look for
improvements to present day engines. Wherever possible simple design

modifications have been sought.

Engine reliability is regarded as an important factor, influencing
both the economics and acceptability of schemes. Emphasis is there-
fore placed on maintaining this reliability. Similarly environmental
acceptability, for example the condition of the exhaust and the noise

generated by the scheme, is assumed to be necessary.
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As yet nothing has been said about the method of analysis employed
in these studies. The condition of the gases in the volumes of the
engine undergoes fapid changes over the course of the diesel cycle.

The thermodynamic link with the turbocharger is also of critical
importance. Any change to one engine operating parameter will affect
other parameters in a way that is not easily determined. The
thermodynamic equations governing these inter-relationships cannot be
solved analytically, and hence the results of design change must be

found by experiment or by computer simulation.

The high cost of engine testing has meant that it is now only
used at the final stage, after extensive computer studies have been
carried out. An aim of this project was to develop a model of a
diesel cogeneration system, suited to the requirements of the study.
As such it consumed a significant portion of the research efforts;
the development of the engine model is therefore described in more

detail in the next section.

2.7 DIESEL ENGINE SIMULATION

2.7.1 Background

Diesel engine analysis was first programmed for computers in the
1950's. Since then the scope, complexity and utility of diesel engine

simulations has grown with the development of the computer.



- 40 -

Initial attempts just transferred the existing simple cycle and
graphical techniques to the computer, so saving some manual labour,-
but not significantly advancing the thermodynamic analysis of the
engine. More sophisticated models appeared in the early 1960's
(eg. Ref.91), in the form of step-by-step models of diesel cycles,
in which the engine cycle is analysed by splitting it into a large

number of small steps.

By the mid-1960's diesel simulation was well established, as
the proceedings of the conference of Ref. 42 indicate. The step-by-
step models predominate for the cycle analysis, some covering just
the closed cycle (the iﬁ—cylinder processes), others the open cycle
(the gas exchange process), a further set covering both. There are
also programs dealing with specific aspects of engine design such as

thermal and mechanical loading, combustion and heat transfér.

More recently programs to predict the performance of more complex
engine-turbocharger arrangements, eg. 2-stage turbocharging (Ref.3),
and transient performance (Refs. 89,33,7), have been written. In
some cases moving away from step-by-step calculations and reverting
to matching procedures using experimental or simple cycle data

(Refs. 3,33,7).

2.7.2 The Advantages of Simulation

The various types of cycle analysis programs have proved to be
of great value in diesel research and development. This statement
is supported by the wide use of simulation techniques, both by engine

manufacturers and in research institutions.
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The advantages of systematic simulation studies over the
tradifional methods of experiment plus intuition may be enumerated

as follows:

1. A program can give a better understanding of the effects of
particular variables on engine performance it being sometimes
difficult to isolate the effects of a change to just one parameter

on the test bed.

2. Design parameters can be optimised before the engine is built,
and hence the number of tests needed is greatly reduced, resulting in

substantial financial savings.

3. More accurate knowledge of the thermodynamic processes obtained

from simulation leads to a better interpretation of test results.

4, The range of parameters that it is financially feasible to

invéstigate is extended.

5. Enables studies to be made where experimental facilities are not

available (as with this project).

The computer programs do not completely eliminate the need for
testing: before a new design is used commercially, final testing
will always take place. The wide variety of simulation techniques
has been emphasised. It is important to adopt the one most suited

to the needs of the project.

2.7.3 C(Classification

Before classifying the program types that might be considered,

some of the requirements on the program will be stated. Parameters
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influencing the possible heat recovery include the valve timings, the
level of turbocharging and the interaction with the waste heat boiler.
The results of changes to these parameters must therefore be simulated.
Table 2.2 reveals fhat most modern 4-stroke engines use the pulse
turbocharging method, i.e. the exhaust blowdown energy is utilised

to drive the turbine, and hence to be realistic the program must treat
time varying pressure in the exhaust manifold. It is not required to
look at transient performance, and hence steady state conditions will

suffice.

Simulation methods are broadly classified into three groups
according to their level of complexity: a procedure suggested by

Freeman and Walsham (Ref.29).

1. Simple Matching Techniques

Good examples are those given in references 8% and 86. Perform-.
ance maps for eﬁgine, compressor and turbine are formulated in terms
of a set of operating variables. A sfable operating point of the
unit is then found by balancing mass flows and turbocharger power.
Operating values being found by interpolatiqn within data arrays.
Data for turbine and compressor are experimentai. Data for the
engine may be generated by some sort of simple cycle calculation, or
from experiment. Exhaust and inlet manifold pressures are cycle

averaged, valve timings not specifically included.

The simplified techniques therefore attempt to make use of
available experimental data; if this is not available they must
resort to simple cycle calculations. The more experimental data is

available, the more accurate these techniques may be, but in general
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they can only give a 'first-order' answer. Their advantages are that
little input data is needed, the demands on computing resources are
small, and that they are fast and easy to use. Their principle faults
are as follows:

1. The averaged exhaust pressures and temperatures do npt give an
accurate prediction of turbine energy. An experimentally determined
'apparent pulse turbine efficienc& factor' must be introduced, which
will vary with load and pulse shape. The calculation of airflows

must also be approximate.

2. Valve timings and effective flow areas for the gas exchanges are
not included. Flows are calculated from arbitrarily defined discharge
coefficients and averaged flow areas and pressures. It is not possible

therefore to investigate valve timing changes.

The simplified techniques are therefore limited to:

1. Getting an approximate first match between an engine and turbo-
charger.
2. To find for example, the dependance of the exhaust temperature on

the scavenge ratio or trapped air-fuel ratio, without relating these

parameters to the valve timings or boost pressures needed.

2. Hybrid Techniques

Their name being derived from their having facets of methods 1
and 3. An example is that given in reference 87. The aim is to retain
the computational speed and simplicity of the simple matching techniques,
but to move towards the confidence and accuracy afforded by the step-
by-step.models, especially at points of the engine cycle relevant to

the particular study. They have the following features:
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1. Critical parts of the cycle may be divided into a number of small

steps.
2. More realistic models of the physical processes are used.
3. Parameters such as valve and fuel injection timing can be included.

These methods can be gsed for systematic investigations of a
larger number of parameters over a wider range of loads than may be -
possible with full step-by-step models. It does not afford quite
the accuracy of the step-by-step models, but by concentrating on the
physical processes controlled by the parameters being investigated,

sufficient accuracy can be assured.

3. Step-by-step models

 Step-by-step models are well documented in the literature (eg.

Ref.42), and only a few salient points are mentioned here:

1. The analysis follows the detailed fluid mechanical and thermo-

dynamic changes that the working fluid is subjected to.

2. Quasi-steady flow is assumed: the engine is divided into a
number of control volumes throughout each of which conditions are
assumed uniform at any one time. The cycle is divided into a large

number of short steps: flows are assumed steady over each step.

3. Numerous approximations are still made. Empirical correlations

relating heat release and transfer, to cycle parameters may be used.

4., A reasonably accurate estimate of conditions in all control volumes

at one point in the cycle must be made.

5. Running times are typically much longer than for either of the
previous methods discussed. Data preparation is more detailed and

hence time consuming.
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6. Unlike methods 1 and 2, this method calculates accurate maximum
cylinder pressures for stress analysis, and may be extended to

calculate component temperatures for studies of thermal loading.

A mention should be given to the more sophisticated 'method of
characteristics', which deals with the unsteady pulse interaction in
the exhaust manifold. However the increase in accuracy of the turbine

energy calculation is not normally required.

To give some feel for the running times of the three methods, they
would typically take 2, 10 and 120 seéénds fof one stable operating
peint on a CDC 6600 computer. Typical accuracies are 10% for method
1, 7% method 2, 5% for method 3 without any experimental data but 3%
if some experimental results are available for calibration. Thus
by adopting the more sophisticated model a small increase in accuracy
is achieved, and the scope of information egtended, af the expense of
~much higher computing costs. It was decided therefore that the level
of accuracy required for this project could be met by a method 2 type
program, and this would not restrict the range of parameters investigated.
The development of the programming method is described in the next

section.

2.7.4 The 'Match 8' Simulation

It was not the original intention to develop a new diesel engine
model; rather to modify existing programs to suit the requirements of
the study. A start was therefore made with the simple cycle techniques
of Wallace described in references 85 and 86. These proved to be

inadequate for the reasons outlined in the previous section. Consult-
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ation with Professor Wallace of Bath University revealed a more
sophisticated model (Ref.87), that would be classified under method 2.
This became the foundation for the 'Match 8' program eventually used

in the study.

Wallace's method is not described here, but certain features that
have been modified for Match 8 are given. Changes envisaged to the
closed cycle conditions should not significantly affect the combustion
characteristics, and hence the closed cycle calculation of .-Wallace is

substantially retained. The gas exchange processes are however much

more important, and the following inadequacies were identified:

1. The scavenge airflow is based on incompressible flow through a
single orifice, from a steady inlet to a steady exhaust manifold
pressure. An average valve diameter and a time averaged valve 1lift

are used. Valve timings are not explicitly used.

2. The turbine energy is calculated by a simple pulse model. At evo
the exhaust manifold is assumed to contain gas at the pressure and
temperature used for the scavenge calculation. The contents of 2
cylinders is then assumed to mix instantaneously with the exhaust
manifold mixture, and subsequently flow through the turbine in units
of l/10 the combined contents at evo. The energy extraction by the
turbine is calculated for each step from the turbine map, and then
summed. t should be noted that no attempt_is made to equalise con-
ditions at the end of the pulse with those at the start, and that the
exhaust volume required for realistic turbine energies is much larger

than the actual volume.

The scavenge airflow and the turbine energy calculation are critical
to the parameters to be investigated, and it is therefore unsatisfactory

that they should be based on different, and both rather approximate,
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models. The program was developed for high speed engines for which
the valve overlaps and hence scavenge airflows are much smaller than

for slow and medium speed engines.

The 'Match S'Iprogram was therefore developed from the Wallace
method, essentially by incorporating a more sophisticated model of the
gas exchange process. The program is described in some detail in
Appendix 1. The open cycle calculation is similar to that of the
step-by-step programs, but longer step sizes, around 4° crank angle

instead of lo, are used.

The open cycle calculation therefore approaches the sophistication
of the step-by-step models, and hence the accuracy of the results of
the changes investigated rival that obtained from the step-by-step
‘methods. 'Match 8' can treat constant pressure or pulse turbocharged
4-stroke engines, having 1, 2, 3 or 4 cylinders per exhaust manifold.

Although not used on 2-strokes the adaptation would be a simple one.

2.8 THE EXHAUST HEAT-RECOVERY BOILER

The attention so fér has been devoted exclusively to the engine,
the central item of equipment in a diesel cogeneration scheme. However
the exhaust heat-recovery boiler is also an integral part of the systenm,
and hence it too is studied, although in somewhat less detail than the
engine. - The exhaust boiler cannot be treated independently of the
engine, as the two interact via the back-pressure imposed on the engine

exhaust by the boiler.
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The important design criteria for the exhaust heat-recovery

boiler are:

1. The gas pressure drop across the boiler.
2. The fraction of the exhaust heat that it must recover.
3. Its capital cost: this being largely determined, for given steam

conditions, by the first two critefia.

Requirements for high rates of heat transfer, and hence lower
capital costs, and a low gas pressure drop, are in opposition. This
'trade-off' between the parameters is an important subject, and is
studied in the next two chapters; this section will just describe

the method adopted.

Waste heat boilers may be divided into watertube and firetube
types. In the wétertube boiler the water or steam is contained within
tubes over which the gases pass. The reverse situation pertains to the
firetube boiler. Within both types many tube designs and arrangements,

steam separation and pumping methods may be used.

Enquiries ﬁere made to most of the major UK waste heat boiler man-
ufacturers, for information on the boilers they supply for heat recovery
from diesel engines. Approximately eight ﬁseful replies were received
and in these the balance in terms of boiler type was found to be slightly
in favour of watertube boilers. Watertube boilers are most suitable for
large sizes and high steam pressures; they can accept dry running
-coﬁdiéions, and forced circulation types offer great flexibility in
design (ref.8l1). Their disadvantage compared to firetube boilers is
a somewhat higher capital cost, although commercial secrecy prevented
this being checked or any value to be assigned to the differential. On

balance a decision was made to concentrate in the boiler studies on the

watertube type.
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Neither experimental facilities nor computer program were avail-
able, and hence a computer simulation of a watertube boiler was developed,
in ordér to investigate the interaction of the parameters mentioned
above. This program is described in appendix 2. It is able to
simulate a wide variety of tube arrangements and fluid conditions, and
was tailored to the needs of the project. The input to this program
is compatible with the output from the diesel engine program. Computer
simulation does not appear to be widely used within the waste heat
boiler manufacturing industry, and it is felt that this program or

similar ones would be a useful tool to the boiler manufacturers.

2.9 SUMMARY AND CONCLUSIONS - CHAPTER 2

A re—obtimisation of diesel engines for cogeneration applications
is likely to give better returns than traditional avenues of engine
development. The 4-stroke engine and watertube boiler have been chosen
as being—most suitable for this re-optimisafion. Computer simulation
models of engine and exhaust heat recovery boiler have been developed

for the needs of the study.
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CHAPTER 3

DESiGN OPTIONS AND LIMITATIONS

3.1 INTRODUCTION

The design parameters that are to be investigated are presented.
The limitations on engine design are then explained, as a precursor

to the results of the next chapter.

Energy balances for some modern 4-stroke diesels are shown in
figure 3.1. Approximately 60% of the energy in tﬁe fuel appears as
heat; the exhaust heat is typically at 45000; heat in the jacket
water, lubricating oil cooler and intercooler is at 12000 or less.
Heat recovery can therefore be conveniently treated in two parts:
high temperature heat of the‘exhaust,,arouhd 35% oélfuel input energy,

and low temperature heat of the engine, lubricating oil and charge air

coolers, totalling 25% of fuel input energy.

The engine working fluid is in an open cycle, hence some exhaust
energy will inevitably be lost: the computer simulation work is devoted
to minimising this loss. The low temperature heat is recovered from
closed circuits and all the heat is theoretically recoverable. The
problem is that it is low quality heat and the low temperature work is

therefore a qualitative examination of methods of upgrading this heat.
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3.2 DESIGN CHANGES FOR CHP

The following possibilities for increasing the exhaust heat recovery

will be considered:

1. The exhaust back pressure.

2. The exhaust valve opening.

3. The reduction of boost pressure.

4, The reduction of valve overlap.

5. Heat extraction before the turbine.

6. The gas temperature at the boiler exit.

7. Afterfiring.

They may be divided into those principally affecting engine
operating conditions (1-5), and those affecting the waste heat boiler

(6 and 7). The reasons for their choice are as follows:

1. The exhaust back pressure

Any back pressure imposed by the boiler on the engine, reduces the
turbine power output. The boost pressure and trapped air-fuel ratio
fall; the exhaust temperature rises. At present, diesel manufacturers
seek to minimise the influence of the waste heat boiler on the engine,
by imposing strict limits on the boiler pressure drop. The requirements
for low pressure drop and high rates of heat transfer are in opposition,
and hence boiler size and cost may be reduced by allowing higher pressure

drops.

2. The exhaust valve opening

The exhaust valve typically opens 60° to 70° before the piston

reaches the bottom of its stroke, thereby reducing the work expended by
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the piston on the exhaust stroke. Changes to this timing may exchange
small decrements in power for larger increments in available exhaust

heat.

3. Reduction of boost pressure

Turbocharging has proved to be a successful way of reducing engine
capital costs. Boost pressures at full load in the range 2.5-3 bar
are common for modern engines: these give high trapped air-fuel ratios
and hence reduced exhaust temperatures. By increasing the turbine
effective area, the boost pressure is reduced and the available exhaust

heat increased.

4, Reduction of valve overlap

Long valve overlaps, in the range 120-150 crank angle degrees, and
hence high scavenge ratios of 1.3-1.4, are employed as another mechanism
for ;educing the thermal loading on engine components. A value for the
scavenge ratio of 1.1 is generally suffiéient to ensure adequate scavenge

of combustion products.

5. Heat extraction before the turbine

Raised exhaust temperatures may lead to hot corrosion of turbine
blades. By extraction of some heat before the turbine, the exhaust gas
temperature at the turbine inlet can be reduced, and advantage taken

of the higher rates of heat transfer from the hot gases.

6. The gas temperature at the boiler exit

The sulphur content of heavy fuel oils limits the boiler gas exit
temperature to 175-20000, in order to keep tubing surfaces above the
sulphuric acid dewpoint. Corrosion resistant or 'disposable' tubing
offers a relatively simple and straightforward way of extracting more

heat from the exhaust.
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7. Afterfiring

Afterfiring into the engine exhaust at almost 100% efficiency,
offers.a way of meeting peaks in heat demand that is cheaper both in
capital and running costs than conventional methods. It is included
here although it is not strictly a way of increasing the fraction of

engine .exhaust heat that is recovered.

Two important parameters have been mentioned: the trapped air-
fuel ratio (RT) and the scavenge ratio (A). The stoichiometric air-
fuel ratio is 14.7 but engines always use quantities of air well in
excess of this, resulting in lower exhaust temperatures and possible
rates of heat recovery. These two parameters are measures of the
excéss air. Exhaust back pressure and boost pressure reduction
principally affect the trapped air-fuel ratio, valve overlap reduction
decreases the scavenge ratio. The consequences of reductions to both
of‘these parameters will be discussed further in fhe section on thermal

loading.

The low temperature heat is usually in three circuits, which are,
in decreasing order of temperature, jacket water (approximately 10%
of fuel input energy), lubricating oil coolant (5%), and intercooler
(10%). The analysis will not go into the detailed methods of recovery
of this heat, but will concentrate on the problems associated with any

increase in temperature in these cooling circuits.

3.3 HEAT TRANSFER IN THE ENGINE

Engine design is limited by thermal and mechanical loading; it

is important to consider what these limits are, and how the design
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changes being considered may affect them. Increasing the heat recovery
is likely to increase the thermal stress on the engine rather than the
mechanical stress, and hence before considering the specific problems
that may be encountered and some possible cures, the heat transfer

processes in the engine will be discussed in some detail.

3.3.1 The Heat Transfer Process

The original source of thermal loading in the engine is the
combusting gases in the cylinder. The dominant mode of heat transfer
is turbulent forced convection, accounting for approximately 75% of the.
heat transferred to the cylinder boundaries. The remaining 25% is
radiative transfer. Both gas and flame radiation contribute, but the

latter is much more important.

There are many semi-empirical formulae for prediction of heat
transfer. The range of engines for which each gives reasonable results
is limited: the various formulae giving different results under the
ssme conditions. As the dominant form of heat transfer is turbulent
forced convection one would expect to use an equation of the form:

é rate of heat flow to coolant.

Q = hA (Tg - Tw) where: h overall heat transfer coeff.

1]

n
and that Nu a Re A area for heat transfer.

n constant.

The actual form taken is usually somewhat more complicated: see for
example ref.94 or ref.58 for a discussion of possibilities. Used in
conjunction with experimental results it is suggested (ref.58) that an
accurac& of £ 10% may be achieved for a limited range of operating

conditions.
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3.3.2 The Parametric Dependance of heat transfer

Tﬁe rate oé heat transfer will obviously vary spatially and through
time. Fig. 3.2 taken from ref.94 shows the variation with time of the
heat transfer rate for the components of a 4-stroke, 400 rpm engine at
a bmep of 18 bar. The area under each curve being equal to the heat
transferred per cycle to the cylinder head, liner, piston and exhaust
valve/throat: these constituting the boundary of the cylinder. In
table 3.1 (Ref.58) the percentage of fuel input energy transferred to
the 4 components of a 16 cylinder RK3 engine at 1000 rpm are given.

In figure 3.3 (Ref.58) the corresponding component temperatures are
shown. It could be expected that the temperatures and relative
loadings would be the same for the 6RKC engine used in the analysis of

the next chapter.
The following features of the graphs and table are important:

1. A large portion of the heat is transferred before around 60O after

top dead centre, the great majority during the closed cycle.

2. Although the exhaust valves are the hottest of the engine com-
ponents only 10% of the heat transferred to coolant passes through the
exhaust valves. Any change in the thermal loading of the exhaust

valves will therefore havé small effect on the overall percentage of heat

lost to coolant.

3. The values of component temperatures shown are time-averaged.
There will be a cyclic variation of 5-10°C in the liner, head and piston

surface temperatures and up to 25°C in the exhaust valve.

At a given load, and for fixed injection timing, engine speed and
coolant temperature, the gas temperature during the closed cycle will

depend essentially just on the trapped excess air i.e. the trapped air-



_57..

a|a.
5

y ate of heat
transfer

-exhaust throaf

g
BOC ive TOC evo Bé[ i\}OTijceVC Bat

Fig. 3.2 Rate of Heat Transfer to Components (Ref., 94)

Fig. 3.3 RK3 Component Temperatures (Ref. 58)

Exhaust valve

Coolant
SE! & E1Y qu:i
e Flame Plate
75 250%
175% Piston




- 58 -

TABLE 3.1

Measured Results for Ruston 16RK3 Engine

Piston

Liner

Exhaust Valves

Cylinder Head

Total

3.1% of fuel input energy

5.7%
1.0%
2.5%

12.3%

TABLE 3.2

Classification of Fuel 0Oils

Conradson

Class ViSCOSityo Water Sediment Carbon Residue ;uizzzr %Aizss
“ ISRI at 100 F | % vol max | % mass max % mass max nax nax

A2 41 0.05 0.0L 1.0 0.01

B2 65 0.25 0.05 1.8 0.02
D 41 0.05 0.01 0.2 1.0 0.01
E 250 0.5 0.15 3.5 0.1
F 1000 0.75 0.25 4.0 0.15
G 3500 1.0 0.25 4.5 0.2
H 7000 1.0 0.25 5.0 0.2
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fuel ratio. As nearly all the heat transfer to the piston, liner
and cylinder head occurs during the closed cycle, the temperature of
these éomponents should depend almost exclusively on the trapped air-
fuel ratio. Th¢ lower this ratio, the higher their temperatures.
The effect of a reduced scavenge ratio will be negligeable as is
indicated in Fig. 3.4 (ref.94), in which, amongst other things, the
piston témperature and the scavenge ratio are plotted against the

valve overlap.

The temperature of the exhaust valve will however be influenced
not only by the trapped.air~fuel ratio, but by both a reduction in
valve overlap (and hence scavenge ratio), and by the timing of the
exhaust valve opening. The loading of the exhaust valve is a critical
design factor and merits a special section, but before that a quan-

titative example is given on the relationship between R., and cylinder

T

component temperature.

3.3.3 Component Temperatures

To a first approximation, for a given load, the closed cycle gas

1 ‘

temperatures are a linear function of ( /RT). A simple order of
magnitude calculafion follows on the change in component temperatures,

that might be expected from the changes envisaged to R

T
Q = hA (T, - T,) ceen. (d)
¢ =hRA(T] -T,) ... (ii)
where  Q = rate of heat transfer.
A = area for heat transfer.
h = overall heat transfer coefficient.
Tl = flame plate temperature.
T = coolant temperature.
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dashed superscript signifies after RT reduction.

The heat transfer coefficient is assumed to remain constant with the

A T, 4 T g
changes in R_,. From (i) and (ii) 2.9 + =2 (1 ~ 8)
T T, QT Q

Considering the temperature gradient between the flame plate and cooling
T2 &5

circuit of the cylinder cover shown in fig. 3.3 i.e. T = 300" and for

[ o d l

% = 1.12 corresponding to a reduction in RT from 28.6 to 24.4 (a result

derived in the next chapter) then:

Laaa Y

= 1.09 and AT of the flame plate =25°C.

»—ilr—]

1

These increases in temperature will inevitably increase the thermal
stress on the components. It may or riay not be a problem dependihg on
the 'reserve' of the engine. It must be emphasised that this cal-
culation is only intended to give a rough estimate of the change in
temperature; a more detailed step—by—étep calculation would be needed

to give more accurate predictions.

3.3.4 The Exhaust Valve Temperature

Figure 3.5a shows the heat flows and temperatures on an exhaust
valve. For large engines most of the heat transferred to the valve

plate is conducted through the valve seat rather than the stem. Hence:

seat on head temperature ty =t +k (Ql +Q, + 03)
seat on valve temperature tg =%, + K (Q +0Q,)
valve plate temperature t4 = t3 + kc Ql

where ka, kb and kc are the overall conductivities seat on head to cool-
ant, seat on valve to seat on head, valve plate to seat respectively.
The quantities of heat Ql, 02 and 03 can be calculated step-by-step

from turbulent heat transfer theory and summed over the cycle. This

calculation has been performed in Ref. 94 and the resulting valve
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temperatures are plotted in fig. 3.4, for a range of valve overlaps
and hence scavenge ratios. It can be seen that the valve temperatures
change much more slowly than the exhaust gas temperature: between 600

and l20°CA overlap the exhaust temperature falls by lOOOC but the valve

temperature by only 25°C.

It is worth considering in more detail the cyclic history of the
heat transfer to the exhaust valve. Figure 3.6a shows the cyclic
variation of cylinder temperatures calculated by 'Match 8' for the

6RKC engine for 3 cases:

1. RT = 28.6, A = 1.26 : Normal design
2. RT = 28.1, A = 1.06 : Reduced scavenge ratio
3. RT = 24.4, X = 1.22 : Reduced trapped air-fuel ratio.
On the graph are marked the time averaged values of t2, t3 and
t, taken from ref.58, Heat is transferred from gas to the valve rim

4

and seat only during the time that the exhaust valve is open, Match 8
does not calculate rates of heat transfer to the valve components, but
fig.3.5b shows them for a similar engine (Ref.94). It is evident that
nearly all the heat transfer occurs between firing top dead centre

and the inlet valve opening. When the temperature of the exhaust gas

falls below t t, or t, cooling of that component may occur. However

2° 73 4
fig.3.6b shows that the gas flow rates during overlap are not as great
as those shortly after inlet valve opening, hence cooling of the valve

by the gas will not be as vigorous as heating. This is supported by

fig.3.5b.

To summarise, the thermal loading of the exhaust valves is basically
determined in the period before inlet valve opening. If cylinder gas
temperatures for this period remain the same then the exhaust valve
temperature should not change greatly, hence the valve temperature is

only weakly dependent on the scavenge ratio. If the cylinder temperature
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before inlet valve opening increases, as with reduction in the trapped
air-fuel ratio, then the loading will increase. That the exhaust
valve temperature depends primarily on the trapped air-fuel ratio is

supported in refs. 16 and 75.

3.4 THE PROBLEMS OF ELEVATED COMPONENT TEMPERATURES

The previous sectidn has established the component temperature
changes associated with the possible design modifications. The problems

caused by elevated component temperatures will now be considered.

The fuel price differentials shown in fig. 3.7 mean in practice
that the only likely economic fuels are the heavy fuel oils having high
viscosities. Many of the problems of engine design are caused by the

properties of heavy fuel oils.

3.4.1 Heavy Fuel 0il

Fuel oils are classified in table 3.2 (Page 58) taken from BS2869. The
definition of heavy fuel o0il is usually by its viscosity (eg. Mirrlees
(Ref.64) choose a value of 150 SRl at lOOOF), but the more important
properties are the others listed in Table 3.2. The critical contents
are the Conradson Carbon Residue (causing fouling and smoke), the
sulphur (low temperature corrosion), and the ash, particularly sodium
and vanadium (high temperature corrosion). It can be seen that wide

variations in these contents, may be expected within the classification

'heavy fuel oil'.
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At present most European refineries use atmospheric distillation
(Ref. 25) leaving 40-50% residues, but there is a trend to adopt
thermal cracking leaving 10% residue. High‘demands for the lighter
fractions may therefore lead to deteriorating quality of the heavy

fuel oils.

3.4.2 Some Limitations on Design

The following three factors limit permissible design modifications:

1. Hot Corrosion

Hot corrosion is caused by the deposition of molten sodium-—
vanadium eutectics on the metallic surfaces. Fig. 3.8 (Ref. 32) shows
the melting points of the sodium-vanadium salts. . The ratio of the
sodium and vanadium contents is important, and the lowest melting point
is 535°C for sodium vanadylvanadate (5.1.11). If metal temperatures
can be kept substantially below this, they should be protected against

hot corrosion.

2. Cold Corrosion

Sulphur present in the fuel can, during combustion, form sulphur
diqxide and trioxide, which may combine with water vapour to form
sulphuric and sulphurous acid. If the metal temperatures are allowed
to fall below the dew point of the acid, the corrosive action may be

severe.,

3. Thermal and Mechanical Stress

Component load is made up of thermal and pressure stresses. The
thermal.stress only goes through a cycle with an engine loading cycle,
whereas the pressure stress cycles with every engine cycle. It is
the cycling of the thermal and pressure stresses which causes the problems,

typically represented by fatigue cracks in components. Under unfavour-
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able conditions the thermal and pressure stresses may reinforce each

other.

3.4.3 Possible Remedies

Certain design and operational criteria may be adopted to counter

the problems just mentioned:

1. Fuel Treatment
Centrifuging, filtering and heating must always be applied.
Additives may be considered to counteract the sodium and vanadium salts

" (Ref. 78), but they will probably be expensive.

2. Lubrication
Wear of liners and piston rings due to the sulphur content of <the

fuel may be reduced by the use of an alkaline lubricating oil.

3. Cooling
More intensive cooling of hot surfaces may be applied to reduce

the thermal stress and the possibility of hot corrosion. AT

4.  Coatings/Materials
Harder materials or special coatings may be used to resist

corrosion.

5. Maintenance

Proper maintenance is a prerequisite to reliable operation. For
the prevention of excessive thermal loading it is important to include
cleaning of turbochargers and intercoolers, and the prompt replacement

of fuel nozzles.
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3.4.4 The Design of Components

Each of the engine components has specific design problems
associated with i?. The various components will therefore be examined
individually to ﬁore closely identify the problems resulting from the
possible design modifications, and the measures that may be taken to

prevent them.

1. Cylinder cover, liner and piston

The temperatures of the cover, liner and piston are not sufficiently
high for hot corrosion, and the changes proposed to the trapped air-fuel
ratio would not_raise surface temperatures near the eutectic temperature.
Low temperature corrosion may occur at the bottom of the liner if the
surface temperature drops below 100-110°C. A well designed engine
should not suffer this problem, and any increase to gas temperatures

" should: reduce it.

C;rbonization of the lubricating oil is more of a problem and
_fﬁé’iiper at the top piston ring at tdc, and the top piston ring should
bé‘kegz below 200°C. The rate of carbonization doubling for each 10°¢
above 200°C (Ref. 79). The liner may be more intensively cooled by
leading the coolant closer to the surface (see refs. 59, 32 for details).
Methods of cooling the piston iﬁclude 0il injection through the
connecting rod, cocktail shaker or cast in passages for oil cooling.

A well designed cooling system can decrease the temperature at the top

ring or crown by up to 50°C over the uncooled piston (Ref. 79).

The thermal and mechanical stresses are greatest on the piston and
cover. = The part of the cover under the highest stress is the bridge
between the valves where cracks may occur and which is the most

difficult area to cool. In the piston, the crown is at the highest



temperature: the important consideration here being the decrease with
raised temperatures of material strength. The same methods of more
intensive cooling can be used to reduce thermal sfress. The injector
nozzle may also require cooling if higher gas temperatures are

experienced.

2. Exhaust Valves

Exhaust valves operate under extremely unfavourable conditions of
high thermal and mechanical stress and are susceptible to hot corrosion.
As a result the extension of valve life presents the engine manufacturer

with one of his most difficult problems.

The exhaust valve must seal properly. A scenario for how it may

fail in this respect is as follows:

(1) Crushed ash or carbon deposits are trapped on the valve seat.
(1i) As a result the thermal conduction drops and‘a local 'hot
spot' formé.
(iii) Local valve ‘temperatures above 550°C mean that hot corrosion

can occur and a jet channel can develop.

Valve failure may also occur due to cracks which have originated

at the valve plate centre where the yield is greatest (Ref. 58).
There are two approaches to deal with the problem:

(1) Keep the valve temperature as low as possible by intensive
cooling, usually with valve cages (a problem here is dis-

tortion), occasionally with a seat in head design.

(ii) Use a harder, more expensive (eg. Nimonic) material for the

valve.

Each method has its merits; there are also variations. For example,

the valve itself may be cooled (Ref. 32).
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As the loading on the valves increases, by going to poorer

quality fuels or higher gas temperatures, both more intensive cooling

and harder materials may be required. At present a valve life of 6000

hours with heavy fgel can be considered good practice but some man-

ufacturers are considering 12000 hours (Ref. 59,32).

3. Turbine Blades
The first four design changes suggested in section 3.2 increase
the exhaust temperature into the turbine. Two problems may result:

deposition of, and hot corrosion by, the sodium-vanadium salts.

In order to be deposited or to cause .corrosion the sodium-vanadium
eutectics must still be molten when they reach the blades. It has
therefore been commonly held that a limit on the average exhaust temp-
erature of 550°C should be applied. However results of Ref.59 suggest
that it is the sodium content of the fuel rather than the temperature
which is the decisive factor. With pulse charging there is a temp-
erature pulse during which gas temperatures may be éonsiderably higher
than the average; this has led one maﬁufacturer to use constant

pressure charging to avoid this (Ref. 83).

Water washing is usually effective in removing deposits (Ref. 68).
To resist corrosion a coating can be applied to the blades. For example,
a diffusion coating 0of Cr-8i alloy is resistant to Vanadium attack
(Ref.78). Alternatively, in the case of CHP schemes, the exhaust
temperature may be reduced below 550°C by the introduction of heat
transfer surface before the turbine as already discussed. There is
still the problem that the salts will then be deposited on the heat

transfer surface. Provision must therefore be made for cleaning this.

Higher exhaust temperatures may also entail a more expensive

naterial, eg. stainless steel, for the exhaust manifold, and perhaps



some attention to the expansion joints in the manifold.

To summarise this section on the design of components: modification
to exhaust valve and turbine sufficient to resist the increases in
thermal loading imposed by the changes considered, may be achieved
relatively simpl& by replacing these components with ones having higher
resistance to thermal stress. If modifications are required to piston,
liner and cover then a more fundamental re-design of the engine may be
needed. Changes to loading and hence components are less for a

reduction of the scavenge air than the trapped air.

3.5 THE ECONOMIC CRITERIA FOR DESIGN MODIFICATION

The question arises as to what philosophy to adopt with regard to
reliability and maintenance of the modified engine. Is a shortening
of maintenance intervals acceptable, and what incremental capital
investment is economic to restore maintenance intervals? What is
the economic penalty of increased unreliability, ie. what are the costs

of unplanned outages?

The net value of a design change is equal to:

(Saving in running cost) - (Increase in Maintenance Cost)
- (Increase in Capital Cost)

Hence for a worthwhile alteration:
< A A . L - . L. A
(CHT AnHT CLT nLT + Ce nb)waal 8760.L wf 8760.L cf

- AC - A - Ay >
¢ Mlab. ncomp. 0
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where Cyr = value of exhaust heat
CLT = value of low temperature heat .
Ce = value of electricity
AnHT .= increase in available exhaust heat
AnLT = increase in available low temperature heat
Anb = increase in engine brake efficiency
Wf = fuel flow
Cal = calorific value of fuel
L = annual load factor
AMlab = change in annual maintenance cost = labour
comp = change in annual maintenance cost - components
AC = change in annﬁal charge on capital cost of engine
ACf = change in fuel cost to engine.

In genéral, for any modification that gives a saving in running
cost, the combination of values of AM , AM »AC and AC_. that
_ lab comp f

maximises the net value of the alteration, should be chosen.

The expected cost of planned maintenance of the best modern engines
is around 5% of the total costs per kwh (Ref. 32). To allow for
unplanned maintenance this figure should be inflated by 50% as the most
probable case, and 100% as the maximum (Ref. 90). This is notably
lower than the 14-15% for older UK engines revealed in a survey of UK
statistics (Ref. 23), which are therefore of limited value, as they

are not representative of potential modern practice.

Table 3.3 shows that the majority of forced outages are caused by
fuel injection equipment, cooling systems and valves. Many of the
forced outages are therefore caused by items of equipment not exposed
to gas flows, and will not be affected by the design modifications
discussed in this work. It should be noted that the exhaust valves

cause a significant proportion of the failures.
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3.3

TABLE

(Ref. 23)

Cause

% of Total

Comments

1. Fuel Injection Equipment & Supply 34.96 of which 44% in high pressure
’ pipes to injectors
. Water Legkages & Cooling 21.56
3. Valve Systems 19.60 of which 50% due to exhaust
valve failures
. Lubrication 5.23
5. Turbochargers 3.96 . 2 out of 12 cases due to
blade damage
6. Miscellaneous 14.69
100.00
TABLE 3.4

Sutzer 7 40/48 Maintenance Schedule

Overhaul Periods Expected Lifetime Dismantling and
Hours Hours assembling times
Injection nozzle 2000-3000 6000-9000 30 minutes
valves 12000-18000 24000-36000 60 "
Piston ring 12000-18000 12000-18000
Piston 24000-36000 72000-108000 90 "
(dismantling)
Piston ring groove 48000-72000
(reconditioning)
. . one every N "
Cylinder Liner 12000-18000 72000-108000 60
s s 25% every "
Main bearing 12000-18000 36000-54G00 90
. 25% every "
Con. rod bearing 12000-18000 24000-36000 90
Cylinder cover 150 "




- 74 -

The objective of a maintenance schedule is to prevent costly
forced outages. Table 3.4 shows a planned maintenance schedule for
a Sulzer Z 40/48 medium speed 4-stroke engine run on 1500 SRI fuel;
intervals may be somewhat shorter for 3500 SRI fuel (Ref. 60). It
is indicative of‘the best in modern practice. An important feature
of this table is that the overhaul periods are governed by the

injector, valve and piston ring lives.

It is feasible that one might accept shortened maintenance schedules
instead of making design changes to withstand higher thermal loading.
However, planned maintenance costs will not rise linearly with the
exhaust temperature. For example an exhaust valve life of 6000
hours may be reduced to several hundred hours if metal temperatures
increase above the eutectic temperature, and a corrosion resistant
material is not used. Reliability may‘also suffer, in which case the
economic penalties of forced outages and secondary damage méy be high.
Therefore, unless the changes in maintenance intervals.prove to be

small, this will not generally be the best approach.

The modifications that may be necessary to withstand higher thermal
loading may be divided into two types: those to equipment that will
not be replaced eg. cooling circuit, and those to equipment with
limited lives, eg. exhaust valves. The expense of the former may be
largely research and development, but may involve more expensive
production costs if a more sophisticated technology is required. As
a result it is impossible at this stage to make any accurate estimate
of the cost of this type of alteration. The second type of alteration
will contribute to AMcomp. and 1s more easy to estimate eg. the intro-
duction.of nimonic values would entail an incremental expenditure of

£90 per cylinder on the Ruston 6RKC engine (1978 costs), one of the

engines used for the results of the next chapter.



The problems of corrosion might be solved by a shift to higher
quality fuels. However, the fuel price differentials shown in
Figure 3.7 militate against this in that for example a trebling of
maintenance costs from 5 to 15% of‘the total running cost, only permits

a small shift in fuel quality. There may be isolated cases where

this is sufficient to avoid the problems.

3.6 SUMMARY AND CONCLUSIONS — CHAPTER 3

The optimisation studies may be divided into the high temperature
heat of the exhaust, and the low temperature heat of the cooling
circuits. Seven possibilities will be investigated for improvement
to the high temperature heat recovery: five relating to the engine, and
two to the exhaust heat recovery boiler. Two parameters, the trapped
air-fuel ratio and the scavenge ratic measure the excess air and hence
thé recoverable fraction of exhaust heat. The increase in thermal
loading is iess for a reduction in the scavenge ratio than the trapped
air-fuel ratio. Design changes to accept a reduction in scavenge
ratio are therefore likely to be more straightforward than for a
reduction in trapped air-fuel ratio; but both modifications should

be within the scope of engine development.
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CHAPTER 4

THE RESULTS OF bESIGN MODIFICATION FOR DIESEL COGENERATION

4.1 INTRODUCTION

\

The methods of analysis, the limitations on, design and some
possible modifications to the diesel cogeneration system have been
given in the previous two chapters. Chapter 4 concludes the design
modification work with the presentation of the simulation results for
both the engine and exhaust heat boiler. The results on the enhance-
ment of exhaust heat recovery are presented in section 4.2 for the
engine simulation results, and in section 4.3 for the exhaust heat
recovery boiler design. Discussion of the potential for upgrading
the low temperature heat is then given in section 4.4, and finally
the re-design options for the diesel cogeneration system are summarised

in section 4.5.
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4.2 EXHAUST HEAT RECOVERY -~ ENGINE SIMULATION RESULTS

Tﬁe results of the computer simulations on the first five para-
meters mentioned.in the previous chapter are first presented, (section
4.2.1). This section then goes on to look at combinations of effects
(4.2.2), to present a comparison with published results (4.2.3) and the
relationship between back pressure and boiler size (4.2.4), and finally

to discuss the economics of the changes (4.2.5).

4,2.1 Parameters 1-5

Approaches were made to the UK engine manufacturers for the engine
and turbocharger data required as input to thé sim&lation program
(see appendix 1). The most favourable response was'?eceived from
Ruston Diesels Ltd., a subsidiary of the General Electric Cémpany. Two
of their engines were therefore chosen for the study. By studying
specific engines the relative merits of, and potential problems associated

with the possible design changes, may best be understood.

The first results presented are on the 9AT350, a medium speed,
4-stroke engine able to burn heavy fuels up to 3500 SRI viscosity.
Information on the engine is given in table 4.1, and the simulated
operating characteristics full load down to 50% load are shown in
Fig. 4.1. This engine is still at the design stage and hence
experimental results are not available, however the full load operating

point (a nominal power of 3.3 MW) predicted by Rustons, is shown in

ij

ig. 4.1 for comparison.

The second set of results are for the Ruston 6RKC engine, and

are given for comparison purposes. This engine is available in 750
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TABLE 4.1

The Ruston Engine 9AT350

Type: Pulse turbocharged 4-stroke
Turbocharger: Napier 143-19.2 sp/JJ
Speed: 600 rpm

Cylinders: 9 Standard Valve Timings:
Bore: 35.1 cm eve 68° after tdc
troke: 37.1 cm ive 240° v "
Conrod Length: 0.784 m evo 462° v "
Exhaust Manifolds: 3 ivo 620° "
Compression Ratio: 12.4:1 Overlap 168o
full load output 3.3 MW
TABLE 4.2
The Ruston Engine 6RKC
Type: Pulse turbocharged 4-stroke
Turbocharger: Napier SA085 132-509/381G
Speed: 1000 rpm
Cylinders: 6 Standard Valve Timings:
Bore: 25.4 cm eve 57° after tdc
troke: 30.5 cm ive 210° v v
Conrod Length: 0.61 m evo 490° WM "
Exhaust Manifolds: 2 ive 641° v
Compression Ratio: 12.5:1 Overlap 136°

full load output 1.3 MW
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Fig. 4.1 9AT350 Predicted Characteristics
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and 1000 rpm forms: data was obtained for the 1000 rpm engine, and
although at this speed it is not suitable to burn heavy fuel oil,
the sihulation results are included here for comparison. Engine details
are given in table 4.2, and predicted and experimental operating

characteristics in fig. 4.2,

The results will concentrate on the design point which is the
full load operating condition. This is the general practice in the
published literature: it is usually the case that an engine designed
on the full load point, will operate satisfactorily at part loads.
Some part load results are however included as a check. The results
for the 9AT350 are presented first and in more detail, than the second

set of results on the BRKC.

9AT350

1. Back Pressure

. The simulated engine response to back pressures up to 1.2 x lO5
:ﬁélé,%yell beyond those normally accepted for engine operation, are
e, .
shdwnk;n figure 4.3. At this high back pressure the trapped air-
fuel ratio is almost down to 24, a lower limit recommended by the

- manufacturer to ensure efficient combustion, and hence higher back

pressures were not investigated.

Fig. 4.3 shows the parameters to respond approximately linearly
to the increasing back pressure. There is a slight decrease in brake
efficiency becéuse more pumping work is expended against the higher
exhaust manifold pressure on the exhaust stroke. The fraction of
heat rejected to the engine coolant is slightly increased: the reduced
trapped air-fuel ratio giving higher closed cycle temperatures (by

60-70°C) and hence higher thermal loading. The changes in the fraction
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of exhaust heat recoverabtle (ﬂe), based on a boiler exit temperature of
2OOOC to avoid corrosion, and the heat rejected to the intercooler are
more marked. The increase in ﬂe, nearly 5% of fuel input energy at

Pb = 1.2 x 105 Nm-z, results from the higher turbine outlet temperature,
and hence the greatef potential temperature drop across the boiler.

The reduction in heat to intercooler, 2.5% of fuel input energy, is

caused by the reduced airflow.

At a back pressure of 1.2 x 10° Nm™° there is an increase in
recoverable heat, including jacket water, intercocler and exhaust, of
3%-of fuel input energy, and a decrease in brake power of 0.7% of fuel
input energy. At a power to heat value rafio of around 3:1, the wvalue
added to the fuel is on balance increased. The advantage with higher
back preséures of a smaller and hence cheaper exhaust heat recovery

boiler will be quantified in section 4.2.4.

The heat rejected to the intercooler is at the lowest temperature
of all the cooling circuits, and it may not be possible to find a use
for it. The shift from ﬂi to ﬂe is therefore an advantageous shift

from low to high temperature heat.

-

The step by step values of gas flows given by the program, reveal
no problems with reversed flows at ivo within the range of back pressures
investigated, but the possibility of pulse interference inherent in the
long valve overlaps of this engine, is increased. The engine operating
line does not move significantly nearer to the surgé line of the

compressor map, and hence there is no need to rematch the compressor.

2. Exhaust Valve Opening

The timing of the exhaust valve opening is severely restricted on
the pulse turbocharged engine, by the interaction between the pressures
in the exhaust manifold and cylinders. Early opening extends the period

at the start of blowdown when two cylinders are open to the exhaust
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manifold, and the blowdown pulse of one cylinder may interfere with
the end of the scavenge period of the other (fig. 4.4). Delayed
opening means that the cylinder pressure may still be high at ivo,
and backflow from cylinder to inlet manifold may occur, with the

concomitant problems of inlet valve contamination.

The standard timing for the exhaust valve opening on the 9AT350
is 102° after tdc: predicted operating conditions for evo up to 30°
either side of this are shown in fig. 4.5. The period of exhaust
valve opening is already long, and evo any earlier than standard results
in pulse interference between cylinders, indicated by the rapidly
decreasing airflow shown in fig. 4.5. For evo later than around 120°

atdc, backflows cylinder to inlet manifold occur at ivo.

Within the very restricted range of acceptable values there is
therefore no advantagé for diesel CHP, of changing the timing of the

exhaust valve opening.

3. Reduction of Boost Pressure

By increasing the turbine effective area the flow resistance is
reduced, resulting in lower pressure drops across the turbine. Less
energy is therefore extracted and the boost pressure falls. In
accordance with the philosophy of making readily achievable modifications,
turbine builds within the standard Napier range were used. These were
simulated by applying correction factors for gas flow and efficiency

to a standard map.

The results of the simulations are presented in figure 4.6. At
a turbine effective area of 179 cmz, corresponding to the build 570K,
the trapped air-fuel ratio is down to 24:the lower limit suggested by

the manufacturer.
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The lower exhaust manifold pressure leads to an increase in A,
tending to oppose the exhaust temperature increases from reducing RT.
The turbine outlet temperature increases more rapidly than the turbine
inlet temperature, because less energy is extracted from the exhaust

gas. The result of these interacting influences is that at R 24

T=
the brake power is down by 0.4% of fuel input energy, heat to inter-
cooler down by 2.3%, heat to jacket coolant up 0.8%, and to recoverable
exhaust up 2.5%. The increase in heat to the exhaust is therefore

almost balanéed by the decrease in heat to intercooler: the advantage

is the improvement of the grade of recoverable heat.

The operating line on the compressor map was found to move slightly
/ . :
away from the surge line, but not enough to justify a diffuser change.
No problems with reversed flows were apparent. Closed cycle temp-

eratureslare increased by around 7OOC; similar to the change for the

increase in back pressure as might be expected.

4. Valve Overlap Reduction

At 168OCA the valve overlap on the 9AT350 is rather longer than
most 4-stroke engines. This was reduced in steps of 10°cA to 98OCA,
énd the revised operating conditions calculated. The changes to ivo
and evc were such as to maintain an approximately symmetrical straddle

about tde.

The design operating line on the compressor map must be chosen to
maintain a margin of 10% of airflow from the surge line. It must also
be clear of choking. The margin must be allowed in order to accept
the gradual reduction in airflow due to compressor, turbine and inter-
cooler fouling, and to be clear of surge under rapid load changes.
Reductién of the valve overlap reduces the airflow at approxima%ely
constant boost pressure, and hence the compressor diffuser area must

be reduced to maintain the margin from surge. Again the approach was
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adopted of using diffusers from the standard Napier size range; these
have been represented by compressor airflow correction factors of 0.91

for each diffuser size reduction applied to a standard map.

The results of the computer simulations are presented in figure
4.7. The discontinuities are caused by the diffuser changes. A
lower 1limit on the scavenge ratio of 1.1 was récommended by the
manufacturers, to ensure adequate scavenging of combustion products.
€ an overlap reduction of 70°CA A is reduced to slightly less than
this limit, and hence this was taken as the lowest acceptable valve
overlap. The computed cylinder contents at evec indicate that

scavenging-is still adequate at an overlap of 98°cA.

The actual exhaust enthalpy decreases, but the increasing exhaust
gas temperatures, l.7OC/OCA overlap reduction, mean that the available
exhaust heat increases. There is an increase in brake power

fluctuating between 0.3 and 0.6% of fuel energy input, resulting from

lower pumping work. The trapped air-fuel ratio stays fairly constant
and hence so does the heat rejection to coolant. Lower gas flows
result in a reduction of heat to the intercooler. At the lower limit

on l,ne, H, and N are increased by 7.2%, 0.2% and 0.3% of fuel
input energy respectively, and ni reduced by 2.9%. Thus there is an
increase of 4.5% in available heat and it is of a higher quality, and
unlike the case for boost reduction and back pressure increase, an in-

crease in power output of 0.3%.

The possibility of pulse interference with the long valve overlap

of the standard design, is eliminated with the shorter overlaps.

5. Heat Extraction before the Turbine

An example is given to illustrate the consequences of extracting

heat from the exhaust gases before they reach the turbine. The full
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load gas temperatures, at the turbine inlet when the overlap is

reduced by 70°CA are close to 900K. An attempt was made to simulate
the reduction of temperature below the sodium-vanadium eutectic temp-

erature, thereby reducing the danger of sodium-vanadium contamination

of the turbine. -

Gas-in-tube or water-in-tube heat transfer arrangements might be
used for the heat extraction. The physical characteristics of the
latter would entail a change to constant pressure turbocharging,
whereas pulse turbocharging could be retained with the former, although
some ingenuity might be required in the exhaust manifold arrangement.

In the example presented, the gas-in-tube heat transfer surface is used.

For turbulent gas flow in tubes: Nu = 0.023 Reo'8 Pro°3 oo (1)
and Q = hA (Te - Tw) eee (ii).
av
For 'tuned' pulses the exhaust manifold volume Vem must remain constant
v 4v
hence 1 = ——E% e (iii)
Nwod
where h = overall heat transfer coefficient from (i) (assuming gas
side resistance dominates)
A = total heat transfer area.
Te = average of cylinder exit and turbine inlet gas temperatures
av
Tw = water temperature
N = number of tubes
d = diameter of tubes
1 = length of tubes.

From these three equations therefore, one may determine the number and

diameter of tubes for a required heat extraction before the turbine.

Numerical results of the simulations are shown in table 4.3.
Column 2 shows that if heat transfer surface is introduced on its own,
the turbine power falls, the boost pressure therefore falls and hence

the thermal loading of all engine components increases. Moreover,



- 89 -

TABLE 4.3

Heat Transfer before Turbine on SAT3%50

1 2 3a b c 4
Overlap 08° | 08° | 98° | 98° | 98° | 1e8°
Turbine build 503J | 503J | 441J | 4413 | 4413 | 503J
W effective area (cm2) | 156 | 156 | 143 | 143 | 143 | 156
Heat Transfér No Yes Yes Yes Yes No‘
W (kgs’l) 5.27 | 4.92 |[5.37 é.zl 5.04 | 7.12
R_ 2.97 !2.74 |3.05 |2.94 [2.83 |[2.98
Ry 25.9 l24.2 |26.5 |25.7 {24.8 | 26.6
A 1.06 |1.06 |1.06 |1.06 [1.06 |1.40
T, (K) 885 858 852 839 825 766
T, (K) 754 749 726 718  [710 637
ny 0.404 | 0.399 | 0.404 | 0.402 |0.405 | 0.401
n_ before turbine 0.050 | 0.026 | 0.049 |0.074
after " 0.249 | 0.221 | 0.218 | 0.205 [0.192 | 0.177
H, 0.102 | 0.107 | 0.101 | 0.103 {0.105 | 0.100
n 0.079 | 0.066 | 0.083 | 0.077 |0.071 | 0.108
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the turbine inlet temperature does not fall much because the airflow
decreases. By reducing the turbine nozzle area by 8% the turbine power,
and hence boost conditions, may be partially restored as columns, 3a to
¢ indicate. As can be seen, lower turbine inlet temperatures inevitably
imply lower trapﬁed air-fuel ratios and hence greater component loading,
for the fixed turbine build. Only by going to a more efficient turbine,
an option not available within the Napier range, would it be possible
to both reduce the turbine inlet temperature below the sodium-vanadium
eutectic temperature, and to restore the boost pressure and hence trapped
air-fuel ratios to their normal values. Heat extraction before the
turbine transfers loading problems from the turbine blades to engine

components, and hence is of limited usefulness.

6RKC

1. Back Pressure

A back pressure of 1.2 x lO5 Nm'_2 was again found to correspond

approximately to the lower limit of 24 on RT. Results are therefore

2

presented in fig. 4.8 for the range P_ € P & 1.2 x 10° Nm~>.  The

same trends are observed as for the 9AT350, the changes to ne and ni

being larger than to N and Hc’ although the trapped air fuel ratio

b

falls more quickly and hence ”e rises further. At Pb =1.2 x lO5 Nm"2

the available heat is increased by 5% of fuel input energy, the brake

power is decreased by 1.3%.

2. Exhaust Valve Opening

Standard evo is 150° after tdc, and permissible values were found
to be restricted to the range 135O to 175" after tde, in order to avoid
pulse interference effects. Again no significant improvement to CHP

performance was found within the acceptable range.
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3. Reduction of Boost Pressure

An increase in the turbine effective area by 18% was sufficient
to reduce the trapped air-fuel ratio to 24 as fig. 4.9 shows. All
trends are as for the 9AT350, but the exhaust heat recovery rises more
quickly than the intercooler heat rejection falls. At RT = 24,
corresponding to a reduction in the full load boost pressure by 15%,
the recoverable heat is increased by 2.2% of fuel input energy with a
shift from low to high temperature, but this is counteracted by a

reduction in brake efficiency of 0.8%.

4, Valve QOverlap Reduction

The standard overlap on the 6RKC is shorter than that on the 9AT350:
136OCA as opposed to 88OCA. The normal scavenge ratio is 1.26 and hence
the potential increases in available heat are smaller. The lower limit
of 1.1 on) is reached at an overlap of 88OCA, and corresponds to an
increase in available heat of 3.4% and of pOWer‘of 0.3%. The ;esulté

are given in Fig. 4.10.

5. Heat Extraction before the Turbine

n
1
it

}

The results of the attempts to reduce the turbine inlet temﬁératﬁre
for a valve overlap of 88OCA, followed a similar pattern to the example

given for the 9AT350, and are shown in Table 4.4.

4.2.2 Further Improvements

So far each of the design modification options has been considered
in isolation. However by the combination of changes further improve-

ments may be achieved.

It was found for the 9AT350, that by reducing the turbine nozzle
area to the next build down (441J), keeping the same turbine efficiency,
that it was possible to increase the boost pressure ratio and hence

the trapped air-fuel ratio, both for reduced overlap and increased
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TABLE 4.4

Heat Transfer before Turbine on BRKC

1 2 3 4
Overlap 88° 88° 88° 136°
Turbine build 381G 381G 326G 381G
" effective area (cmz) 82.6 82.6 75.2 82.6
Heat Transfer No Yes Yes No
RT 28.1 24.8 27.0 28.6
Ty (K) 897 869 836 812
T, (K) 798 787 741 707
'nb ‘ 0.402 0.392 0.397 0.399
before Turbine 0.085 0.081
e after " 0.313 0.261 0.237 0.263
Hc 0.045 0.050 0.047 0.045
ni 0.070 0.062 0.067 0.0886
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back pressure conditions. Fig. 4.11 shows the full load operating
point for the 9AT350 with 98°CA overlap and the 441J build
turbine (an area reduction of 8% over the normal build). The
trapped air-fuel ratio at full load is in fact higher than the normal
design and hence'thermal loading on gll components except the turbine
will be lower. There is still a gain of 5.4% of fuel input energy
in'qe, 0.6% in1]b, a fall of 0.2% in HC, 1.8% in"’]i giving an overall

improvement of 3.4% in heat, 0.6% in power.

With this overlap and turbine build the results of back pressure
increase were simulated and are summarised in fig. 4.11 and table 4.5a.
Table 4.5z shows the change in full load‘operating condition compared
to the normal design. The increase in back pressure brings higher
heat recoveries, lower brake power and an increase in thermal loading.
However back pressure up to around 1.1 x 105 Nm-2 can be tolerated with
only the same loading as the conventionally designed engine, but with
higher heat recovery and tbe benefit of a cheaper boiler (quantified
in the next section). At a back pressure of 1.2 x 10° Nm~2 Rn and A
are both down to their recommended lower limits: whichever ways are

chosen to reach these limits the improvements to heat recovery, etc.

will be similar.

A further option identified by the manufacturers was a newly
available range of turbochargers having higher efficiencies than those
considered so far. Results of introducing these were simulated by
increasing the compressor efficiency by 6% and the turbine efficiency
(503J build) by 7%.' The results are shown in fig. 4.12 and table 4.5b
for the 9AT350 at full load with 98°cA overlap and increasing back
pressurés, for comparison with the previous set of results. Although
the improvement in heat recovery is somewhat less, power is increased

and the thermal loading is reduced. The determinant of the optimum
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Energy Recovery and Back Pressure at Reduced Overlap: 9AT350

TABLE 4.5a
Turbine build 441J
Overlap 08°
P, =  1.013 x 10° 1.1 x 10° 1.2 x 10° Nm 2
change Anb +0.006 +0.001. " -0.004
over Ane +0.054 +0.074 +0.097
normal Ani -0.018 -0.029 -0.040
design H -0.002 +0.002 +0.006
heat +0.034 +0.047 +0.063
power +0.006 +0.001 -0.004
TABLE 4.5b

Turbine build 503J Increase in compressor and turbine efficiencies

o

Overlap 98 6 and 7% respectively.

P, = 1.013x10° 1.1x10° 1.2 x 10° Nm -
change N% +0.013 +0.007 +0.001
over Ane +0.037 +0.062 +0.088
normal A%_ -0.013 -0.026 -0.039
design HC -0.005 -0.001 +0.004

heat +0.019 +0.035 +0.043

power +0.013 +0.007 +0.001
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will therefore be the relative values of heat, power and capital costs.

4.2.3 Comparison with Published Results

Although results presented by other authors relate to specific
engines, and are to some extent determined by program techniques and
assumptions made about other parameters, it is helpful to see if the

same trends are observed elsewhere.

Very little systematic work has been published §n the affect of
back pressure on engine operating conditions. Results of Watson
(Ref. 88) and Holler (Ref. 39) for turbocharged, 4-stroke engines show
rates of increase of exhaust manifold £emperature (Te) with back

pressure similar to those predicted for the Ruston engines.

The relationéhip between the boost pressure and the other operating
parameters have been simulated by full step-by-step models by Woschni
(Ref. 94), and Ryti (Ref.73). Both sets of results relate to modern
4—étroke engines: boost pressure ratios up to 2.5 are considered by
Woschni, and beyond present téchnology to 4 by Ryti. Similar trends
are observed: rising Te and Hc, falling RT and ﬂb with falling boost

pressures, but with some variations in the rates of change.

The operating characteristics of valve overlaps in the range
0-120°CA are simulated in Ref .94, 80-135°CA in Ref .75, 20-120°CA in
Ref.73. Between 80O and lZOOCA overlap, the rate of increase of
exhaust manifold temperature with overlap reduction, vary between
IOC/OCA for the constant pressure turbocharging engine of Ref.75, to
1.7OC/OCA for the pulse turbocharging of Ref.94. These may be compared
to 1.7°C/°CA for the 9AT350 and 1.75°C/°CA for the 6RKC.  Airflow
reductions of 2.3%/OCA overlap reduction of Ref.75 to 3.6%/OCA of
Ref.94, are comparable to the 2.6%/OCA for the 9AT350 and 3.6%/OCA

for the 6RKC.
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In response to receipt of the results from the Match 8 program,
D. Sinha and K. Ball of Ruston diesel engines, reproduced some of the
results for back pressure increase and overlap reduction for the
9AT350 with their own full step-by-step model. Overlap reduction
to llOo, and a béck pressure of 1.1 bar at full load were simulated.

Agreement between Match 8 and the Ruston model was good.

4.2.4 The Relationship between Back Pressure and Boiler Size

The capital cost of the exhaust heat recovery boiler depends
strongly on the tubing area. To evaluate the saving in capital cost
resultiﬁg from higher back pressures, the relationship between back
pressure and tubing area must therefore be found. The wide Qariety
bf steam and feedwater conditions, boiler types and tubing types and
arrangements make it difficult to generalise. A fairly 'typical!
example will therefore be given; but specific calculations would be

required if different steam conditions or boiler types were contemplated.

As stated in Chapter 2 water tube boilers are studied. Plain
tubes are used, although some waste heat boiler manufacturers recommend
finned tubes: +the heat transfer and pressure drop formulations are
similar. Table 4.6 from Ref.28 shows, for various in-line tube

spacings, values of CH and Cf used in the heat transfer formulation

Nu = 0.32 Cy Reo'6 and pressure drop P = Cg va2 x 107 where:
P = gas pressure
v = gas velocity
N = number of longitudinal tubes.

For increases in spacing along the gas flow direction, Cf increases but

CH remains constant: it is best therefore to pack closely in the
C
direction of gas flow. The ratio H/C increases with transverse
f
spacing indicating the use of a wider transverse spacing. Studies using
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TABLE 4.6

Heat transfer coefficients for cross-flow over plain tubes

O O O

o O O
flow O O T
<
do> e-—s[——>
5, = 1.25d 1.5d 2.0d 3.0d
o
c Cyp . Cy c. | %
H H L/
Cy | C /cz Cy | Cp Yool S| G /Cf 4 f Ce
S.. =
T
1.25d _|1.040.85 | 1.23 |1.05{1.03|1.02 |1.03|1.37|0.75 |0.98 2.06| 0.48
1.5d |0.96|0.65 | 1.48 |0.96|0.78] 1.24 |1.01]|1.04]0.97 |1.01|1.56| 0.64
2.0do 0.83]0.425} 1.95 |0.83{0.51}1.63 |1.0 {0.68}1.47 {1.02]|1.02|1.0
3.0d |0.81]0.23 | 3.52 |0.81]0.28]| 2.89 |1.02| 0.42)|2.43 |1.02}) 0.56]| 1.82




- 100 -

the boiler simulation program supported these conclusions. No clear

advantage is discernable from the use of staggered tube arrangements.

Tube spacings of S, (longitudinal) = 1.25d , s, (transverse) =
2.OdO (dO = tube on boiler diameter) were taken for the example. Back
pressure was varied by altering the number of transverse tubes and hence
the minimum flow area (Amin). Then to a rough approximation heat

0.6 -2

,» pressure drop to Am. .

transfer rate is proportional to Am in

in
Feedwater temperature was SOOC; steam at 10 bar pressure with ZOOC
of superheat was produced. The boiler was designed to give a gas exit

temperature of 20000 at full engine load.

The resulting relationship betweén tubing area and back pressure
for the 9AT350 at full load is shown in Figure 4.13. The important
feature is the rapid rate of decrease of tubing aréa for the first
increments in back pressure, but diminishing reductions at higher back
pressufes. Considerable savings in tubing area may bebachieved. It
is to be expected that other tube arrangements and boiler types would

show similar trends.

4.2.5 Economics of Engine Design Changes

The increments in value added to the fuel input for the 9AT350
engine, for changes to the heat and power recovery are shown in Figure
4.14, The values assumed for heat and power are heat from an oil fired
boiler at 80% efficiency and the approximate marginal value of
electricity, both in January 1978. A load factor of 0.75 and a project
life of 25 years are used. Discount rates of 5 and 10% were chosen as
represeﬁtative of test discount rates used by the nationalised industries.
The increments in net present values of recovered heat, for the reduced

value overlap and raised back pressures, of between £100,000 and
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£300,000 may be compared to the £700,000 capital cost of a CHP scheme

using the 9AT350 with a capital cost of £200/kW.

It is also interesting to compare the savings in boiler cost with
higher back pressures, to the gains in value added to the fuel. A
back pressure of.l.2 X lO5 Nm—2 results in a reduction of boiler tubing
area of 200 m° (Fig. 4.13), a saving of £12,000 at a tube cost of
£10 m—l. The increments in running value therefore dominate the

saving in boiler capital cost.

The reduction of scavenge ratio imposes 1little additional thermal
loading, and hence increases to engine capital cost should be small
(possibly more expensive valves). The reduction of trapped air-fuel
ratio however, imposes additional loading and increases in engine
capital cost may be entailed. It is possible to evaluate what
increases in engine capital cost are justified, and to find the optimal .

back pressure.

A good fit to the capital cost saving for the boiler (Fig. 4.13)

was found from:

-aAP
y T AL -e ) where A and a are constants.

Making the very approximéte assumption that the annual capital

charge on the engine increases linearly with.APb:

~alP

Annual benefit of AP, = A(l - e b

b ) - (CE + Cp - CH)APb

where CE

C
p

rate of change of engine capital cost with Pb

rate of change of value of power output with P

b

CH = rate of change of value of recovered heat output with Pb
- . . oy s 5 -
This benefit may be maximised within the range O SAPb £ 0.187 x 10 Nm 2.
' _;Loge ( Aa
a CE + Cp - CH

In terms of FC, the fractional increase in engine capital cost to

Differentiation reveals a maximum at AP

b )

operate with Pb = 1.2 x lO5 Nm-'2 (ie. RT = 24.6), and for the same
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assumptions on operation and cost as mentioned in the previous para-
graphs, (Discount rate = 10%), then if
F_ > 14% maintain AP

c b
F < 2.4% " P
c

It

0
2

5 -
b 1.2 x 107 Nm
and for 14% >FC'>'2.4% the optimal: back pressure lies between these

limits.

4.3 EXHAUST HEAT RECOVERY - BOTLER SIMULATION RESULTS

Consideration is given to the two possibilities, reduction of
boiler exit temperature and afterfiring, mentioned in section 3.2.
Modifications to the exhaust heat boiler may be made in conjunction
with, or instead of,.the engine design changes discussed in the preﬁious
section. They avoild the engine thermal loading problems associateq

with the engine modifications.

4.3.1 Boiller Gas Exit Temperature

It has so far been assumed that the gas exit temperature at the
boller exit is ZOOOC to avoid low temperature corrosion of the boiler.
It is the purpose of this section to evaluate the benefits of, and to
discuss the problems associated with, a reduction of boiler exit temp-

erature below ZOOOC.

The fuel input energy recoverable as heat in the exhaust increases
by 1% point/lOOC reduction in boiler exit temperature. For heat
valued at oil at £60/tonne (January 1978) burnt at 80% efficiency, and

for a load factor of 75%, this 1% is worth £3,400 per year. The
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capital cost of a low pressure drop water-tube boiler for the 9AT350
is around £20,000, and hence the high relative value of the heat may

justify significant increases in boiler capital cost.

The limitation on the boiler exit temperature is the sulphuric
acid content of fhe exhaust gas from the heavy fuel oil burning engine.
Formed from sulphur trioxide and water vapour as the gas temperature
drops below 55000, it is not corrosive in fhe vapour form, but extremely
so if metal surfaces are below the acid dew point and the acid condenses
onto them. The dew point is between 113°%¢ (1 ppm sulphur ) and 152°¢
(100 ppm), and the maximum corrosion rate occurs at 20—3OOC below this,
Fig. 4.15 (from the boiler simulation program) shows that tube surface
temperatures tend towards the water temperature, the gas side resistance
dominates, and hence the lower the feedwater temperature the greater the
potential dangers. Haneef (Ref.36) suggests stainless steel or 'cor-
ten'! steel as being significantly more corrosion resistant than carbon
steéI. Glass and enamel coatings have also been suggested for economizer

Atubes.

Efn example of the economic returné possible from the reduction in
boilef_exit temperature are shown in Fig. 4.16 for é range of tubing
lifetimes and costs, and for the reductions 200-175°C (Curve aA),
175-150°C (B), 150-125°C (C). The heat recovery is from the 9AT350 at
full load with an overlap of QBOCA and low pressure drops: the boiler
tube spacing is chosen to minimise the interaction with the engine.
Plain tubes are used, the boiler feedwater is at 50°C, 2 bar steam with

20°C superheat is produced.

The returns are very good, even if the tubes should cost several
times the normal price of around £65 m_z, as long as the tube life can
be maintained above 2-3 years. It is implicitly assumed that the

increments in the costs of boiler walls, cladding and headers are
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included in the tube cost. A more expensive stack may be required in

which case the returns would be somewhat reduced.

Some caution must be exercised in generalising from this example.
Returns fall as the water inlet temperature is raised, because the
water-gas temperéture differential is reduced. Depending on the
required steam conditions, it may not be possible to reach any desired
boiler exit temperature: pinch point limitations may arise at the
economizer—-evaporator junction. A more precise estimation of the
economic benefit of the reduction of boiler exit temperature, will
therefore be specific to the particular water and steam conditions needed,
and will also require experimental measu;ement of corrosion rates and
corrosion resistant materials. However the analysis has indiéated
tﬁat the returﬁs are probably high, and that expensive corrosion

resistant or 'disposable' tubing are possible ways of achieving them.

4.3.2 Afterfiring

Afterfiring of heavy fuel oil into the engine exhaust after the
turbine is an effective way of meeting further heat loads and imposes
no additional load on the engine. The technolégy for afterfiring
heavy fuel oil has been recently developed (Ref.49). Fuel, injected
into the exhaust with pressurised air; is burnt at approximately 96%
efficiency; the only losses being due to the slightly increased flow
of dispersion air, and from radiation. Afterfiring down to 1.7% excess
oxygen by volume has been achieved (Ref.49), but 3% is a reasonable

limit to avoid smoking under rapid load changes.

The maximum heat flow available from afterfiring (Hmax) is given

by
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1
me ax Cal Na mfmax
m
= 7 lq v
Hmax me +f +1 a L+ me + f +1
max max
r'n f—fs - a(f+l)
where = , a = fraction of excess air in boiler exit
max fs + a
[}
gas. mfmax = maximum fuel flow rate to afterfirer.

Thus the effective heat to power ratio (Q/P) of the engine can be varied.
For example just considering exhaust heat recovery for the 9AT350 at
full load, with 168°ca overlap and atmospheric back pressure 0.4< Q/Ps

3.1, and at 98°CA overlap 0.6 € %/ € 2.0.

p §
A CHP scheme may be required to produce a certain heat to power
ratio, eg. a site where export of electricity is restricted and with
high heat requirements. In this situation the modified engine, with
increased available exhaust heat, may not be the best solution at high
Q/P as Fig. 4.17 indicates. Increasing avallable exhaust heat recovery

entails reducing the excess air flow, and hence the potential for after-

firing.

The capital cost. of control equipment for afterfiring is high, but
particularly for large systems, it may, by displacing auxiliary boiler
capacity, give overall capital savings. . The saving in running cost
means that afterfiring should constitute an effective way of meeting

peaks in heat demand.

4.4 LOW TEMPERATURE HEAT RECOVERY

Arbund 25% of the fuel energy input appears as hot water or steam

in the range 30-120°C. This heat is usually in three separate circuits:
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they are, in ascending order of temperature, the intercooler, the
lubricating oil cooler, and the jacket water. Approximately 10% of
the fuel input energy goes to jacket water, 10% to the intercooler and
5% to the lubricating oil. Further subdivisions may be used; for
example separate.éircuits for the bore and head, and for valves and

fuel injectors.

There is therefore a substantial rejection of heat at a low grade,
whose use may be limited. If steam is needed then the requirement for
heat below 100°C may be small, and restricted to feedwater heating.

Some discussion is now given to ways in which the heat in these circuits

may be upgraded, and of the economics of its recovery.

Jacket Water

Water temperatures at the jacket outlet are in the range 75-9500
in unpressurised circuits, and up to 120°¢ in pressurised circuits.
Latent heat cooling may be used, in which case steam temperatures at

the jacket outlet may reach 125°C.

For a given gas temperature the metal surface temperature is
dependent on 3 variables, Fig. 4.18 (Ref.93):

(i) The water temperature (TW)

(ii) The water velocity (Vw)

(iii) The distance from the water to the gas surface (a).

It would therefore appear possible, by varying the other 2 para-
meters, to increase the water temperature and leave the metal surface

temperature unchanged. However:

(i) 1Increased water velocity implies increased pumping losses.
(ii) The reduction of the water-gas distance may involve major

design changes.
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(iii) In certain critical regions, e.g. the valve bridge, heat
transfer is by nucleate boiling (Ref. 30), and hence the
rate of heat removal is independent of the fluid velocity.
It is in these same regions that it is most difficﬁlt to

bring the water close to the gas.

On the whole then, any increase in water temperature will lead, at

least locally, to higher.metal temperatures.

Recently Sulzer have reported the successful operation of a medium
speed engine with sensible heat cooling at 130°C (Ref.80). The increase
of 50°C over the normal coolant temperature results in a decrease of
2% of fuel input energy to jacket water, a decrease of 1% to the
lubricating oil, an increase of 1% to the exhaust, and no change to
either brake power or intercooler heat rejection. There was a small
increase (0.5%) in radiation loss. The expected expansions of block
and cover were found to be émallvand acceptable. The temperature of
the valves increased by only a few degrees, and stresses in the liner

were in fact reduced.

This increase in coolant temperature significantly improves the
utility of the jacket water, in that it can be used to raise low pressure

steam.

Using sensible heat cooling aveids the vapour-lock problem encountered
with latent heat cooling, that can cause severe local overheating, and
which has made the practice unpopular. On this particular engine the
increase in temperature has been achieved without thermal loading
problems. However the considerations given above suggest that higher
coolant temperatures must generally be adopted with some caution: the
characteristics of individual engines will determine their ability to

operate under the hotter conditions.
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Lubricating 0il

The lubricating oil temperature at the engine outlet is in the
range SO—lOOOC; that of ‘the secondary water circuit, a few degrees
lower. Oils are available, at a price, to operate at highef temp-
eratures, (Ref.sl); but this will significantly increase the cost of
lubricating oil consumption, which is normally 5% of total engine running

costs. The cooling effect of the o0il will also be reduced.

Intercooler

Closed cycle temperatures rise rapidly with the water temperature
of a single stage intercooler, and hence water temperatures in the
range 25-45°¢C are normally employed. Any attempt to increase this

temperature will significantly increase the engine loading.

Fig. 4.19 shows the results, simulated by Match 8, of raising the
intercooler water temperature from 2500 to lOOOC with constant intercooler
effectiveness, . for the 9AT350 at full load and normal design. The
trapped air—fuei ratio falls, but the closed cycle gas temperatures (e.g,
Tmax) risQ more rapidly than accounted for by this alone. At an intercooler
water teﬁperatuga'of 100°C - the closed cycle témperatures are up by around
lSOOC, resulting in significantly higher thermal loading and the
possibility of pre-ignition due to the high temperatures on the
compression stroke. Permissible increases to intercooler water

temperature are therefore small, particularly if the engine design

modifications of section 4.2 are contemplated.

A two-stage intercooler can however be used, in which case the
water temperature of the first stage may be up to 100°C (Ref.61).
Unfortunately the higher the temperature of the water of the first
stage, éhe smaller is the fraction of the heat that may be recovered

in i<t.
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The low temperature heat may be used to pre-heat boiler feedwater,
depending upon the temperature and volume of condensate return, or for
space heating. As will be demonstrated in Chapter 7, there are con-
siderable requirements for hot water at temperatures below 80°C in
industry. if thé coolant temperatures are above lOOOC, the ability
to raise steam opens up yet wider markets. Provided that a use exists,
considerable capital expenditure is justified for its recovery; the
present values of the low temperature heat, at various discount rates
and fuel prices, for one kW(e) of generation are shown in Fig. 4.20.
Reduction of temperature differentials between primary and secondary
cooling circuits, temperature increases of primary coolant where
loading considerations permit, and the ingenious design of complete

systems, particularly for flexibility at part load, may be considered.

4.5 SUMMARY ON DESIGN MODIFICATION OPTIONS

Of the engine design changes considered, that which gives the
greatest improvement for cogeneration performance with the ieast thermal
loading problems, is a reduction of the scavenge ratio by a reduction
of valve overlap. With the normal turbine build, improvements of
4.5% of fuel input energy in heat recovery apd 0.3% in power may be
achieved on the 9AT350 at full load. A reduction of turbine effective
area by 8% at the same time gives increases of 3.4% heat recovery, 0.6%
power output, accompanied by an increase in trapped air-fuel ratio and
hence easing of thermal loading problems. The scavenge ratio is ab-
normally high for this engine and hence the 3.4% improvement in heat
recovery, 0.3% in power output for the 6RKC is perhaps more generally

applicable.
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Discussion with the manufacturers indicated that this modification
should only require the adoption of the harder, 'nimonic' valves. The
turbine should tolerate the higher temperatures. The modified engine
would need some testing before its reliable perforhance could be

guaranteed, but this is a near term design option.

The increase in back pressure and hence reduction of trapped air-
fuel ratio is the second option that should be considered, and may be
used in conjunction with a reduced scavenge ratio. Increased back
pressure is a better option than a lower boost pressure for the
reduction of trapped air-fuel ratio, as it has the added advantage
of reduced capital costs for the boiler, whereas tﬁe latter has no

such advantage.-

With the overlap reduced to 98° on the 9AT350 and the reduced
turbine effective area, increases of back pressure until the trapped
air-fuel ratio is almost down to its lower limit of around 24, gives
a further 2.9% of fuel input energy.as recoverable heat, but at a
penalty of a reduction of 1% in power output. Saving in boiler capital
cost can be substantial, occurs for the first increments in back pressure,
but is much smaller than the net present worth (using discount rates of

around 10%) of the extra heat recoverable.

Increase of back pressure ineQitably imposes added thermal loading,
the optimal’. value will depend on the costs of making the engine wiéh-
stand this. Reduction of trapped air-fuel ratio is therefore a longer
term option, but one that should be achievable after a few years develop-

ment.

Alteration to the exhaust valve opening timing was found to hold
no advantages for cogeneration, but might be used for 'fine tuning' in

conjunction with the previous two modifications. The effectiveness of
p
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extraction of heat before the turbine to counter turbine loading problems
is limited by the turbine efficiency. A more efficient turbine used in
conjunction with the reduced scavenge ratio and/or reduced trapped air-
fuel ratio, can lead to both improved heat and power recovery, and also

reduced thermal loading.

The engines used for these studies are fairly typical of modern
4-strokes. Resulfs for both were similar and it can fairly confidently
be expected that other 4-stroke engines will show similar trends. The
precise optimisation of parameters must be engine specific. Application
to 2-stroke engines needs to be cautious due to the critical nature of
the scavenge process, but some development along the lines outlined

above may be possible.

A reduction of boiler gas exit temperature has been shown to be
very attractive financially, but only general consideration has been
given to how it may successfully be achieved. A reduction of boiler exit
temperature by 75°¢C adds between 5 to 7% of fuel input energy to exhaust

heat recovery.

If raising the temperature of a low temperature circuit enables a
use to be found for its heat that did not otherwise exist, the savings
are substantial. The problems of thermal loading have been enumerated,.
but the example of Sulzer shows that temperatures may be raised in

specific circumstances without problems.

Thus four basic opportunities have been identified: reduction of
overlap and hence scavenge ratio, increase of back pressure for the engine,
reduction of gas exit temperature for the boiler, and some possibilities
for raising temperature in the low temperature circuits. All improve-
ments should not be attempted simultaneously, but in principle with time
for development, all modifications could be made. Figure 4.21 shows

the resulting energy balances for the 9AT350 (at full load) of reducing
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first the scavenge ratio (column 2) and then the trapped air-fuel ratio
(column 3) to around their lower limits of around 1.1 and 24
respectively. Also shown are the increments in heat recovery by
reducing the boiler exit temperature to 125°C. Losses of 2% of fuel
input energy have been subtracted from electrical power output to

allow for alternator efficiency of around 95%, and 2% for radiation

(1% from ne, 0.5% from Hc’ 0.5% from ni).

At the lower limits on trapped air-fuel ratio and scavenge ratio,
and for a boiler exit temperature of 12500, the recoverable exhaust heat
is increased by approximately 15%, total recoverable heat by 10% of fuel
input energy over the normally designed engine. There is a slight
reduction in power output. Similarities in design of modern turbo-
charged, 4-stroke engines, suggest that comparable improvements should
be possible in other engines. The enérgy balances of columns 1 and 3
of fig. 4.21 have been used as the reference engine for the system

integration work that follows in chapters 5 to 7.

No mention has been given to the effect of the alterations on
engine emissions. Unfortunately time did not permit a detailed analysis
to be made. The sulphur content of emissions is a consequence of fuel
iqput rather than the engine operating conditions, hence the design
modifications suggested would not alter ii, although of course any heavy
fuel o0il burning CHP scheme might locally increase sulphur levels. The
reduction of the boiler gas exit temperature would reduce plume
buoyancy, and this could in unfavourable circumstances lead to
unacceptably high local sulphur levels. NOx formation occurs at high
temperatures in the closed cycle: reduction of trapped air-fuel ratio
may therefore increase NOx emission but it was not possible to quantify

the increase.
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The process of diesel engine development is a continuous one,
hence it has been implicitly assumed in this work that design change
is by modification.to existing engines rather than by any drastic return
to first principies. It has been demonstréted that the recoverable
heat may be increased by up to 10 percentage points by relatively minor
design changes. At an electricity to heat value ratio of 2.5:1 this
is equivalent to an increase in brake efficiency by 4 peréentage points.

Much research effort has been devoted to improving the engine brake

efficiency from 36% to 40%.

It must be emphasised that this work is a demonstration of
possibilities: much development work remains to be done on individual
engines before they could be confidentlybexpected to operate sat-
isfactorily under thesé changed conditions. It is however a compre-
.hensive attempf to quantify the improvements that might readily be made
for cogeneration, t6 identify those most easily achieved and the
‘problems that may be encountered. The magnitude of possible improve-
ments suggest that the practical obstacles to the modifications may
- constitute worthwhile avenues of research for engine manufacturers to

foliow.
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CHAPTER 5

THE OPTIMISATION OF THE OPERATION OF COGENERATION SCHEMES

5.1 INTRODUCTION

Chapters 2-4 have examined design improvements to diesel
cogeneration schemes; chapters 5~7 will investigate how cogeneration
schemes should best be operated to serve the Nation's interest.
Chapters 5 and 6 examine the economics of the marginal cogeneration
scheme, the comparison with competing technologies and the consequent
potential are then discussed in chapter 7. This chapter concentrates
on the theorybof the operation of the marginal cogeneration scheme;

chapter 6 gives examples and results.

The cost of electricity is composed of capital and operating costs.

A cogeneration scheme therefore has 2 elements of value:

1. The operating costs that would otherwise have been incurred in

producing the units of electricity generated by the CHP schemne.

2. The saving of construction of new Electricity Supply Industry

capacity as a result of the introduction of the CHP scheme.

The sequence of calculations to derive the economic value of a

CHP scheme and whereby the optimal operation may be determined is
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shown schematically in Fig. 5.1. The calculation proceeds in
essentially three stages. A value is first attached to units of
electricity produced by the scheme (block 1)}. Knowledge of the value
of units then allows the operation of the scheme to be simulated to
minimise the ruﬁning costs (block 2). Finally from the simulated CHP
electricity output profile over the year, the capacity credit due to
the scheme can be calculated. The displaced capacity is first
calculated (block 3a), and then a value assigned to this capacity
displacement (block 3b). The value of the scheme is the sum of the
capacity and unit value elements, and the optimal.. installed capacity
can then be determined. Sections 5.3, 5.4 and 5.5 correspond to the

operations of blocks 1, 2 and 3 respectively.

Schemes may be owned and operated by the ESI or privately. If
owned and operated by the ESI they should be automatically integrated
with the investment and operational procedures as is other plant. If
independently owned there is a choice of grid connection. Isolated
schemes (sometimes referred to as 'Total Energy' schemes) must meet
frequently unsynchronised and conflicting demands for both heat and
power locally. This usually results in idle capacity, poor economic
returns and little benefit to the Nation. It may therefore by
surmised that benefit may be increased by grid connection allowing
import and export of electricity, and thereby easing a local constraint

by taking advantage of the National diversity in electricity demand.

This entails some trading arrangement between the site and the
system: a linking tariff must therefore be established. The form of
this tariff will be shown to be crucial to the benefit derived. The
tariff Qill in general comprise a unit cost element (Fig. 5.1, block 1
and section 5.3), and a capacity element (Fig. 5.1, block 3 and section

5.5). Some important features of a tariff designed to maximise the
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National benefit from CHP will first be derived in the following

section. The analysis is a modified version of one given in Ref.5.

5.2 OPERATION IN THE NATION'S INTEREST

Figure 5.2 shows schematically how the total annual electricity
production from industrial CHP schemes depends on the price offered
for electricity by the ESI. For any offer price above a minimum CO
there will be industrialists willing to export CHP electricity. The
higher the price the more CHP electricity will be produced. Two
curves, both moneotonically increasing, of offer price C against CHP
output E are shown in figure 5.2: the higher, C = fi(E), relates C
and E if the owner of the plant assesses projects at industrial discount
rates, and the lower, C = f(E), relates C and E if the owner uses a
test discount rate representative of the National Interest. Industrial

discount rates are usually higher than the national one.

From figure 5.2, using industrial discount rates, if the offer

price is Cl’ El units will be produced. The owners' net benefit is

represented by area A., that of the ESI by A2 (Cmarg is the marginal

1’
cost of production of the ESI).

The three parties or 'interests' interacting in their attempts
to maximise their own benefits, may be defined as the independent owner,
the ESI and the Nation. If the owner uses an industrial discount
rate and the Nation's Interest is incidental, then the ESI maximises

its benefit: the area A2 = (C - f, (E;))E

marg N 1 1 This area is maximised

when the offer price C = f,(E) = C - E f.(E): f{ is the derivative
i marg i i
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of fi and is always positive. It follows that it is in the interest
of the ESI to offer a price below its marginal cost of production.
The National benefit is the area Al + A2 corresponding to the price
Crarg = F £, (E).

It is interésting to note that the present policy of the ESI
towards the purchase of independently produced units of electricity,
as outlined by Burchnall (Ref.8), corresponds fairly closely to the
above conclusion. From paragraph 34, "As regards the kilowatt-hour
price element, this will be between the producer's costs, and, as a
maximum, the public supply marginal cost of production at the relevant
times of day/year." The monopolistic ESI is therefore acting as a
distributor of profits, to the dis-benefit (as will be demonstrated by

the next.example) of the Nation, This situation has been criticised

elsewhere (Refs. 5 and 37).

The National benefit is the saving over the cost of ESI broduction,
achieved from producing eiectricity by cogeneration (the costs for this
being those perceived by the owner}. If the owner uses an industrial
discount rate and the ESI acts in accordance with the National Interest,
then the National benefit is maximised by maximising the area =

El(Cmarg - fi(Ef) + E{i(gg 1]r§lfi(e)d?° For a maximum fi(E) = Cmarg

i.e. the Nations benefit is maximised when the ESI offers a price equal
to its marginal cost of production. The National benefit is then

Al + A2 + A3. If the owner applies a National test discount rate the

National benefit is further increased to Al + A2 + A3 + B*.

*Note: It has been implicitly assumed that Cmarg remains constant

with increments of CHP generating capacity. This is reasonable

for increments small compared to total generating capacity; for large
increments it will change. A slight modification is then required

to the calculation, the principles however remain the same.
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Not surprisingly therefore the Nation's economic interest is
best served when all parties act in accordance with it. Conflicting
interests of the parties lead to an economically sub-optimal’. solution.
The value of CHP electricity from the marginal scheme is therefore the
marginal cost of ESI production, and the Nation'sbenefit is maximised
if electricity is traded at this price and a National test discount
rate is used. This marginal value should be regarded as including
both the capacity and running cost elements and is the long run marginal

cost (LRMC) of electricity production.

An economic analysis based on electricity tréded at long run
marginal cost and projects assessed at national test discount rates,
is essentially that which the ESI should perform. Therefore although
the succeeding sections describe the methods for evaluating an
independently owned scheme, the method is basically the same for ESI
ownership. However there are some differences in value between
independent and ESI schemes, resulting from operational and planning
considerations. These differences will be pointed out during the
following sections on methods of evaluation, and are discussed in more

detail in section 5.6.

5.3 THE VALUE OF UNITS

The tariff acts as the link between the cogeneration site and the
electricity supply system. Expectation of future tariffs is an essential
factor in the investment decision on a ccgeneration scheme. Knowledge

of the present tariff enables the optimal operation of the scheme.
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Section 5.2 has concluded that the tariff should represent the
marginal generating cost of the ESI. It is theoretically possible to
signal instantaneously the continually varying marginal production costs
of the ESI, but this is not regarded as practical.  The tariff there-
fore will be a doﬁpromise between accuracy and simplicity. In the
following formulations it is assumed that tﬁe tariff is agreed in
advance, for example at the start of each year, and thereafter,
together with the site heat demand and fuel cost, determines the
operation of the scheme. The unit cost element of the tariff therefore

must represent the 'expected' marginal running costs of the ESI.

5.3.1 The Form of the Tariff

The marginal operating cost of the ESI varies through the day:
it is low, during the night when the efficient base load units are at
the margin, and high at times of peak demand when plant with high
operating costs must be used. The capacity element will be determined
by how much less capacity the ESI must install due to the presence of
the CHP scheme. A tariff determined in advance must be based on
consideration of the 'probable'! or 'expectation' variations of cost

over the day.

The Bulk Supply Tariff (BST) represents an approximation to the
long run marginal costs of the ESI (Ref.10), and is the price paid by
the Area Boards(responsible for selling electricity to the customers)
to the Central Electricity Generating Board (CEGB) who generate the
electricity and operate the long distance transmission network. it
has therefore been suggested (Refs. 56,53) that the BST would rep-
resent a suitable valuation of units of CHP electricity and of the

capacity installed.
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Figure 5.3 shows the BST unit costs, characterised by sharp price
differentials at the peaks. This i1s because as the system approaches
the short duration péaks, it is not advisable to operate large units
for a short period, even if they are available. Gas turbines are

therefore used with consequent high running costs.

BST charges are calculated after the event, for example the timing
of the peak charges is determined afterwards, and represent
'operational' rather than 'planning' marginal costs. As the aim is
to define a tariff in advance, BST charges could neither be well
defined nor accurately represent the value of independently generated

electricity to the ESI.

The high value attached to electricity at the peak half-hours
by the BST relates to the necessity for the ESI to have fast response
generatbrs under its own control, to meet short term increases in
demand. - The peak half-hours cannot be predicted one year in advance,
and hence the éignal provided by an advance tariff cannot in principle
control an independent CHP site's contribution sufficiently well for

its units)po H% valued at the full gas turbine displacement value.

Expected hourly marginal generating costs, taking account of
random forced outages of system piants, can however be calculated from
previous years' demand data. They are calculated for 'typical' days
during the year, and reflect reasonably accurately the value to the ESI
of CHP contributions at the margin. A 'Probabilistic Simulation
ilodel' is used to calculate these values, and is described in section

5.3.3.

5.3.2 The Practical Application of a Tariff

An Area Board's costs are approximately 80% BST, the further 20%
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being for local distribution, administration, consumer services, etc.
(Ref.5). This additional cost must be passed on to customers, and
hence if a site owner is able to import and export electricity at the
marginal generating cost as calculated by the probabilistic simulation
model, it would bdnfer an unfair and unrealistic advantage to him over
other industrial consumers. For the purpose of the economic analyses
of chapter 6, this problem is side-stepped by considering the economics
of the CHP scheme separately to those of the heat and power consuming

site.

The site purchases electricity from the Area Board in the normal
way (at the usual industrial tariff which includes a contribution to
the Afea Board's costs), and purchases heat from the CHP scheme
(Fig. 5.4). CHP electricity is considered to be fed into the local
grid. This is a realistic assessment of the economics ‘of the scheme
for 3rd party ownership, and also for the case where the owner of the
site and scheme is the same to the extent that the Area Board's 20%
is a fixed overhead. If part of the 20% is an Area Board unit cost,
then the industrialist may rightly argue.that his payment to the Area
Board should be lower due to his local consumption of the electricity
production. The site and system models developed are able to treat

this case, but the economic analyses of chapter 6 do not.

5.3.3 The Evaluation of ESI Marginal Unit Generating Costs

A probabilistic simulation model was used to calculate expected
electricity costs at the station gate. It was developed by
A.P. Rockingham of Imperial College, originally for work on windmills,
and adapted by Rockingham for this work on Cogeneration. It is based

on a method originally proposed by Ringlee et al (Ref.74).
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Forced outages of generating plant can significantly increase
production costs. Many production cost programs ignofe forced outages
or include their effects by increasing the length of scheduled outages
or reducing the plant maximum capability. Frequently it is found that
peaking plant doéshnot run in the simulations and hence marginal costs
are underestimated. Attempts to force peaking units to run by requiring
a minimum number of operating hours merely result in input and answers

. being equivalent.

The model is an expected cost computation. Expectation considers
the scatter in production costs due to unscheduled outages and load
deviations: 1t is simply an average of possible events. The method

may very briefly be summarised as follows.

Plants are committed to load in a merit order, and hence may be
labelled 1, 2, ...y, j, -+., N. For any load (1), the probability
(p?) that plant j, with running cost Cj’ will be called to meet this
load can be calculated by a recursion relation (Ref.74). The expected
marginal cost at load 1, ¢(1), is then jglpj Cj' ' From demand data the
probability of load 1, q(l), may be calculated. The expected

marginal cost ¢ is then formed by convolution of the two probability

functions ie. © =J/; q(l)e(1)dl.

Electricity production costs and the risk of system failure to
meet demand, vary through the day and year. Hence hourly marginal
costs were calculated for two typical days: one representing the days

of the winter when peak system demand may occur, the other the rest.

The results of the expected cost computations are given in
Chapter 6, section 6.4. It may be helpful at this stage to refer to
Fig. 6.4, which shows the calculated values of expected marginal unit

1

generating costs of the CEGB in 1977/78.



5.4 RESPONSE TO THE TARIFF: THE SITE MODEL

Knowledge of the tariff, fuel cost, the heat and possibly power
demands enables the scheme to be operated. The optimisation of this
operation is done by the site model. The results from the site model
will permit the second element of CHP value, the capacity credit, to
be calculated by the methods described in the next section. Then by

comparing the economics of various possible prime movers for the scheme,

the optimal . investment decision may in principle be made.

In general the heat and power demands, and value of electricity
will vary through time. The site model must determine the least cost
operation of the plant for each moment in time, given information on
the heat and power demands, and value of electricity. The approach
adopted is to divide tﬁe day into time periods for which the electricity
and heat demands and values may be considered constant. The model
then operates the plant so as to minimise the cost function for each

of these periods.

The general form of the cost function that must be minimised for

each time period during which the parameters are considered constant

is:
Z = Cost of fuel and + | Cost of meeting ~| Value of
maintenance to the prime mover site's power demand electricity
L exported
+ Cost of producing the part of the site's - | = [ Value of the site's
heat demand not recovered from the prime mover heat demand

For the '3rd party' analysis (section 5.3.2) used in the next
chapter, the second term is always zero, all electricity can be considered

exported. If the model is to be used to evaluate the joint economics
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of a site demand and CHP scheme, the final term is zero, the second
and third terms depend on the site's power demand. In fact the second
and last terms being constants in any one time period, the optimisation
of prime mover power output is unaffected by whichever viewpoint is

taken.

Various degrees of sophistication may be adopted for the form of
the prime mover characteristics in the cost function equation. The
simplest is the linear model in which prime mover brake efficiency
and heat to power ratio are assumed not to vary with load. The prime
mover is then characterised by its brake efficiency (nb), recoverable
heat to power ratio (r), and maximum power output (Pmax)' The
optimisation process, essentially just evaluating at the slope
discontinuities of the cost function, is described in Appendix 3. The
simplicity of the linear model, although facilitating the rapid cal-
cuiation of.operating conditions, fails to provide sufficiently accurate

answers in certain circumstances:

(i) Where the brake efficiency and recoverable heat to power
ratio change significantly at part load; or to compare
engines with similar full load, but different part load

efficiencies.

(ii) 1In the case of a'prime mover specifically designed to vary
the recoverable heat to power ratio, for example the variable

recuperation gas turbine.

(i1i) The linear model may not give accurate information about
the operating cycles of the engine. The actual engine
characteristic may determine operating points far removed
in power from those given by the linear model, but not

necessarily so in value.
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The first site model developed during_this project was for some
work in conjunction with the GEC Mechanical Engineering Laboratory
on the variable recuperation gas turbine. A linear program was
obviously inadequate, and hence a non-linear program was written for
the gas turbine. ' It is described in Appendix 3, and is used in the

next chapter to give some comparisons with the diesel engines.

In order to achieve more accuracy than that afforded by the
linear model, in the simulation of the operation of a diesel cogeneration
scheme, a non-linear model of this too was developed. The dependence

of brake efficiency, recoverable heat and afterfiring capability on

engine load are included, and several engines may be used. The model
is described in Appendix 3. Its major simplification is to aggregate
all heat recovery from the engine into one figure. It is possible

that at part load, the low temperature heat circuits may not be in
the required balance with the exhaust heat, and dumping may in fact
occur that is not revealed by this aggregation. Future work might

usefully develop a diverse heat grade simulation.

The question remains as to how the models are used. A require-
ment is certainly the heat, and possibly power demands, of the site
over a period of time, preferably one year or perhaps more. The
tariff gives an hourly variation of electricity price and hence
hourly demands should if possible be obtained. With the additional
knowledge of prime mover characteristics and the fuel cost, the

optimal operation of the site over the year may be simulated.

The economic value of operation of the CHP scheme for that year
is given as output. An investment decision requires knowledge of
returns over the life of the project: assumptions on future prices
and site demands will be needed. Finally the hourly power output

data for the year for the scheme may be used to determine the
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capacity displaced by the scheme, by the methods described in the
next section. This capacity credit also forms an integral part of

the investment decision data.

5.5 THE SAVING OF SYSTEM CAPACITY: THE CAPACITY CREDIT

The methods for evaluation of running cost savings from the
cogeneration scheme have been described: the calculation of capacity
saving remains. The ESI installs sufficient capacity to achieve a
certain level of supply reliability. The choice of this reliability
is complex and will not be discussed here. Additional capacity is
installed to meet increments in system maximum demand and to replace
obsolete plant. A Cogeneration scheme may only receive a capacity

credit if construction of central plant is avoided.

In the case of ESI owﬁership the scheme can be integrated with
normal planning procedures, and hence capacity credit calculated as
for any other plant: there is né need to match local heat loads at
system maximum demands. The only added uncertainty is the possibility
of loss of heat load; a method for evaluating the conseguences of this

is given in section 5.5.2.

The analysis for independently owned schemes is not as straight-
forward and must again resort to probability theory. The calculation

of capacity credit has two stages:

1. The calculation of capaciiy displaced: the 'MW/MW capacity credit'
(Section 5.5.2).
2. The assignment of an economic value to this capacity displacement

(Section 5.5.3).
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Before doing this, it is essential to review the planning and

construction procedures of the ESI.

5.5.1 Construction Times and Planning Horizons

The ESI annual planning horizon is determined by the construction
time of new, large generating stations, and is presently 7 years
(Ref.45). Estimates must be made of demand 7 years ahead, and plant
margins must allow for the consequent uncertainty. Not all plants,
notably gas turbines, require 7 years and they may be used as

'regulators' (Ref.4) in two ways:

1. Having determined an optimal construction mix 7 years in advance,
the delayed construction of gas turbines enables the margin to

be trimmed nearer the event.

2. Should construction programs fall short of demand, gas turbines

may restore the balance before other plant.

Gas turbines also have the role, already mentioned, of peaking
plant: they are fast response machines able to be brought on line at

short notice.

To meet any increment in demand an optimal.. mix of high capital/
low running cost plant and low capital/high running cost plant can in
principle be found. The type of capacity that the CHP scheme can
displace will have important bearing on the value to be assigned to

the MW/MW capacity credit.

5.5.2 The Calculation of MW/MW Capacity Credit

From the hourly power output data obtained from the site model,
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probabilistic density functions of the CHP electricity output are
formed for each hour of the typical days. The mean and variance of
these distributions is calculated. The effects of forced outage are
included but those of the possibility of loss of heat load are not.
In principle the.effect of loss of heat load could be included by the
convolution of a probability density function representing this loss
of heat load with the density functions of site output from the site
model. However lack of data and experience prevented quantification

of these events.

Two methods of analysis were formulated to calculate the MW /MW
capacity credit from this data. The more sophisticated, a probabilistic
simulation model, uses the hourly probability density functions of site
output. The second is a method using normal distributions,rand just

uses the mean and variance of site output.

The Probabilistic Simulation Model

The probabilistic simulation model is a system reliability model
developed by A.P. Rockingham, originally for work on windmills (Refs.
71,72), and adapted by Rockingham for this work on Cogeneration. It
is based on a method proposed by Booth (Ref.8). The model predicts
the system reliability effects of system plant forced outage and
uncertainty in output of independently operated CHP schemes. A

description of the theory of the program is given in Appendix 4.

A year's system demand data is used to form hourly probability
density functions of system demand for the two 'typical' days. In
fact, depending on the planning horizon being considered, demand for a
future year is required. Forecast uncertainty is included by con-
volving the demand probability density functions with a normal dis-
tribution having a mean equal to the increase in system maximum demand

and a variance representative of the forecast uncertainty. The system
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description and plant forced outage rates are given in chapter 6.

The Normal Distribution Approach

Two basic assumptions are made:
1. The probabi;ity density function for ESI demand 'at the peak' is
a normal distribution N(po,co).

2. The probability density function for the CHP contribution ‘'at the

).

peak' is a normal distribution N(pCHP’ %oup

The aim of the analysis is to find the required installed ESI
capacity C, to meet a given system reliability criterion, before and
after inclusion of CHP.* This system reliability criterion is the
required loss of load probability (LOLP) (represented by the hatched
area of Fig. 5.5) and is a function of k, f(k), where k is equal to the
distance from the mean on N(0,1) corresponding to the required
probability (see standard statistical tables) and hence C = p + kO,

k = f—l (LOLP) for any system.

The ESI plant (total capacity before CHP, Co) is assumed to have

a forecast mean availability at the peak a, and hence =z Co =Py koo.

Addition of CHP gives an effective load represented by N(po - ”CHP’
2 +02 )
% CHP
Ay 2 2
Hence a (Cc> - Lo) = Pogp * k (crc> - Vo, + OCHP)
02
. CHP %
= Bogp * K (oo - 9 (1 + ~2 )7%)
o)
2
ko
N = =7 cHp
oopp << o > a6, = Cl) = poyp - 26

(1) i.e. the effective load carrying capability (ELCC) of CHP =

* The analysis implicitly assumes that site output and ESI demand are
stochastically independant. Some deterministic correlation may
however occur if for example CHP output is strongly weather dependant.
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The elements of the mean and variance for the system demand and
CHP contribution, are now described. The methods by which the ESI
estimate the mean wvalue uo of future system maximum demand, are described
in refs. 45 and 4: basically being an aggregated econometric model,
linking GDP to electricity demand with some allowance for price elasticity.

. 2 .
The variance %} comprises three elements:

(1) 0. = standard deviation of peak demand due to forecast error

(ii) Gw = " " neooon " " " yeather variation.
(iii) Ga = " " " " " " " availability of
plant.
Jenkin (Ref.45) gives values of Uf = 9%, Gw = 3.87%, Ga = 3.75%, for
the seven year forecast. Uf will depend on the timescale of the
forecast, Ga and Gw are independent of this. The mean availability of

plant at the peak, a = 0.86.

The site model gives the mean and variance of the site output
probability deﬁsity functions. The forced outage of the CHP scheme
must be subtracted. The mean value can be estimated from manufacturers'

literature; the variance is not usually given however. Forced outage

1s represented by a normal distribution having mean Pror and varilance

czFOR' An estimate of the standard deviation of the forced outage rate
(FOR) was made: for 98% certainty that 0 € FOR € 2 then O = EEQE.
Fror FOR 2

Two further sources of uncertainty, not included in the analyses
of chapter 6, but which might be considered, are those due to weather
variations and loss of heat load. If p is the probability of loss of
heat load in any year, then the mean availability of heat load in year
n will be represented by a factor p_ = (1-p)", and a variance Gi -

(1 - (1-p)™) (1-p)™.



- 140 -

It has already been stated that UCHP is much smaller than 00.
Some idea of the effect of the second term in equation (1) on the load
carrying capability of the CHP scheme may be obtained from table 5.1.
For a maximum system demand D, the system required loss of load
probability is oﬁoé at a demand 0.925 D (allowing for voltage reductions
before load shedding) (Ref.45). For a 77/78 system maximum demand
of around 43 GW, installed capacity 56 GW, this gives a value of
k = 1.88 and 00 = 2.37 GW without forecast uncertainty, Go = 4.28 GW
with 7 year forecast uncertainty. Table 5.1 then tabulates the values
of standard deviation of CHP output to give certain percentage reductions
in ELCC of the CHP scheme for various sizes of scheme. Results of

the next chapter will show that the second term of equation (1) will

generally be negligeable compared to the first.

Comparison of the Methods

The probabilistic simulation model is the more sophisticated of
the two methods described. It therefore places heavy demands on
computing resources, whereas the normal distribution approach requires
none. Some unéertainties in the assignment of a value to the MW/MW
capacity credit will be described in the next section, and hence it
may be unreasonable to strive for very accurate yalues to the MW/MW
capacity credit. The normal distribution approach can however fail
under certain circumstances, in which case the probabilistic simulation

model would be required:

1. The variance of CHP output has been shown to generally have
negligeable impact on capacity credit. However if the output
variance is not negligeable then the assumption that site output
is.normally distfibuted becomes important. Site output is in
fact not normally distributed, and hence the method may fail if

variance is significant.
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TABLE 5.1

Variance on CHP output

Uf = 0 (No forcast error)
p CHP
MW 1% 5% 10% €— % reduction in
Opr ELCC CHP due to
1l 4.9 MW 10.9 15.4 CHP variance
10 15.5 34.5 48.7
100 49 109 154
1000 : 155 345 487
Of = 0.09 (7 year forcast errorj.
» CHP
MW 1% 5% 10%
a
1 CHP 6.7 15.1 21.3
10 21.3 - 47.7 67
100 67 151 213

1000 213 477 670
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2. The mean and variance of site output is obtained for each hour
of the typical days. The system maximum demand which defines
the installed capacity requirement, is most likely to occur
around 1700-1800 hours on a winter working day, but ma& occur at
any time of‘tﬁose days. If the mean of site output varies from
hour to hour, then further methods, for example the probabilistic
simulation model, are required to give the relevant weightings to

the various hours.

5.5.3 The Assignment of Value to the MW/MW Capacity Credit

The final stage in the calculation of the economic benefit of a
cogeneration scheme is to assign a value to the MW/MW capacity credit.
A method proposed by Berry (Ref.4), and illustrated in figure 5.6, is
used to determine the effect of the introduction of a unit of plant,

and to determine optimal.. system plant mix.

The net annual cost of the introduction of a unit of plant is the
annual charge (@) on the plant, minus the saving in generating costs
on the units displaced. Thus for a base load nuclear plant gding in
at the top of the merit order it is equal to:

By + (v = YT

where Yma = average marginal price of units (p/kWh)
T = hours of operation

nuclear running cost (p/kWh)

<
[t}

=
1!

annual charge on Nuclear Plant.
For a gas turbine at the bottom of the merit order, the net annual cost

is just equal to QG.

For a system containing the optimal mix of plant, determined by
the construction illustrated in figure 5.6, the net annual costs of

all plant are equal. The value of a unit of capacity to the system
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is just the annual charge on a unit of gas turbine capacity.

In a sub-optimal. mix, the plant with the lowest value of (capital

charge - operating savings) would be chosen to meet increments in

maximum demand. This quantity, (capital charge - operating savings),

is called the 'Net Effective System Cost' (NESC), and is a measure of

the value of capacity.

The NESC of a unit of plant may be negative in

which case it would be installed regardless of an increase in maximum

demand.

The above analysis has been simplified in order not to obscure

the principles; further sophistication may be adopted:

1.

or normal distribution method, assigning values to ELCC and Y,

"NESC/kW firm capacity = _@ + 1

The availability and effective load carrying capability have not

been specifically mentioned. They may be included as follows:

S0P vy, )
ELCC ELCC . P marg
i=1 max

where Pi power generated by plant in hour i

1

Y,
i
marg

marginal electricity unit cost in hour i

plant maximum capacity.

max
In this way the results from the probabilistic simulation models

, may
marg

be integrated with the Berry approach, giving more accuracy.

2.

For constant electricity demand and price, and fuel prices the
net effective system cost(NESC) and net present worth (NPW)
criteria are equivalent, being related by the formula

NESC = —X pr y vhere i = discount rate
(1

T (TN

N plant life.
However if electricity or fuel prices rise then the NPW criterion

would be preferentially used.
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The evaluation of independently owned CHP schemes has been divided
into capital and running cost elements. The value to'the ESI of units
is always the marginal running cost. Although the ESI may have the
option of investment in plant with NESC<0, the value of independent

capacity is:

Maximum (O, ELCCCHP.NESCmin)
where ELCCCHP = effective load carrying capability of CHP scheme
NESCmin = lowest alternative NESC plant investment option

for ESI.
The CHP scheme does not in any sense pre—empt the ESI's installation
of plant with NESC<O, and hence they would not wish to charge for the

privalege of installing capacity.

The situation may therefore arise where an independent scheme may
go ahead that would not be acceptable to the ESI. The reason may for
example be a local requirement for a more secure electricity supply,
but if due to restricted independent investment opportunities it could
lead to a mis-allocation of resources in the national sense. There
may then be an argument that to maximise the Nation's interest, the

capacity element.should be ELCC 'NESCmin’ whatever the value of NESCm.

CHP in,

Does the ESI have plant available with NESC<0? Perhaps the most
likely contender, in an era of rising fossil fuel prices, is nuélear
plant, and so figure 5.7 presents the results of NESC calculations for
base~loaded AGR capacity. Calculations are’based on a 7 year con-
struction period, 70% availability, and capital and running costs taken
from Ref.20. Marginal running costs are calculated by the probabilistic
simulation model for a time base of January 1978, and are assumed to
continué to be dominated by fossil prices (justified in the next

chapter). Low and high fossil fuel price growth rates are investigated

by incrementing marginal electricity prices by 0.7% and 2.9% per annum
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respectively (Ref.20). Discount rates of 5% and 10% are used.

The net effective system cost of the AGR is sensitive to both the
discount rate and the rate at which fossil fuel prices rise, but on the
whole has, or will‘tend towards, a negative value as fossil fuel prices
rise. It is thérefore quite possible that if units are valued at the
marginal electricity price, then, using this analysis, capacity per se

has little value to the ESI.

The above analysis has made one important simplification in that
not all plant have the same construction times, and some may have
special features required for the operation of the sysfem. It has
already been mentioned that gas turbines are used as 'regulators' and
to meet the peaks in demand, and therefore gas turbine capacity is
usually included in plant expansion programs. The extent to which
cogeneration schemes can substitute for gas turbines will have an

important influence on the value assigned to their MW/MW capacity credit:

1. CHP schemes have similar construction times, around two to three
years, as gas turbines, and hence may be used as regulators of

system capacity in the same way.

2. Diesel and gas turbine CHP schemes would have the fast résponse
properties necessary to meet system peaks. However during the
winter little spare capacity will generally be available, and it
has therefore been suggested (Ref.62) that, if ESI operated,
when the peak is anticipated the CHP plant would be off-loaded to
less flexible steam plant, and would pick up load when the peak
occurs. The extent to which independently operated CHP schemes
could reduce gas turbine capacity at the peak, would depend on
the success of the pricing signal; but during the winter the
scheme will usually be base loaded during working hours and hence

unable to load follow at the peaks.
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CHP capacity will therefore have two elements of possible value

to the ESI:

1.

At any stage in the CHP scheme's life there is a finite probability
that the ESI construction programme will not have proved sufficient
to match deménd. The short construction time plant options open
to the ESI will then determine the value assigned to the MW/MW

capacity credit.

The CHP scheme can be included iﬁ the ESI 7 year plan, in the year
that a firm commitment is made to construction. The value of

CHP capacity would then be determined by the NESC of competing plant.
If gas turbine capacity is included in the construction programme,
the value assigned to the capacity displaced may, bearing in mind

the previous comments, be the cost of gas turbines.

The uncertainties in NESCmin and the ability of CHP capacity to

substitute for gas turbines, has made the discussion of value to MW /MW

capacity credit somewhat inconclusive. If ESI owned CHP schemes can

fulfill the role of gas turbines, they will arguably determine the

value of capacity displaced by independent CHP ‘schemes. The highest

value that can be assigned is probably that of gas turbines, the lowest

zero or even negative values.

5.6 A DISCUSSION ON QWNERSHIP

This chapter has identified the mode of operation of CHP schemes

to maximise the national interest, and has described the methods by

which scheme operation may be analysed. Little has been said about
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the relative merits of ownership, and hence the chapter ends with
some discussion of this subject. CHP schemes will be broadly

classified into ESI and independently owned and operated schemes.

The ESTI in thg UK is basically divided into two parts: the CEGB
and the Area Boa#ds. If owned by the CEGB the scheme would be fully
integrated with its planning and operational procedures. Units
would have 'operational' values, somewhat higher than expectation
values, because the scheme can displace peaking plant. The capacity
credit could be calculated as for any other CEGB plant. Because the
CEGB uses a National test discount rate, the Nation's beénefit fromFCHP

could be expected to be maximised.

The Area Boards can also install generating capacity, and the
Hereford scheme (Ref.76) is a well publicised recent example of an
Area Board owned CHP scheme. The Area Board would value electrical
capacity and units at Bulk Supply Tariff rates. This is a reasonable
approximation to long ruﬁ marginal costs, but suffers the disadvantages,

in terms of the overall optimisation of CHP electricity, of:

1. Not automatically, accurately reflecting the value of capacity

in the short term (the construction period of central plant).

2. It does not distinguish between the value at the peak of units

from base loaded and of peak-lopping plant.

CHP schemes are an optional investment for an Area Board and hence
a higher test discount rate than that recommended for the Nationalised
Industries will tend to be used, resulting possibly in a misallocation
of National resources in the various options for generation investment.
Area Boards do however have the advantage of being in contact with
industry, and are in the best position to make the necessary local

commercial arrangements. If a large contribution from CHP is con-
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templated, a decentralisation of responsibility for electricity

generation to an Area Board structure might be advantageous.

Independently produced units and capacity will be lower in value
than from ESI schémes due to the imperfection of the tariff as a signal.
Industrialist's test discount rates are higher than National test
discount rates, especially for non-production investment (Ref.84),
and hence generation opportunities of greater value than those installed
by the CEGB are lost. This imbalance in investment criteria could
however be removed by grants or tax allowances from Government. With
a co-operative ESI offering the marginal value for exported electricity,
the investment criteria for industrial CHP could be brought in line

with that necessary for the maximisation of the National benefit.

However the industrialist is not in business to produce electricity,
and hence may generally not be interested or qualified to do so.
Despite all the right economic signs, industry therefore might séill
not wish to install CHP schemes. A National Heat Board might therefore
be considered (various forms have in fact been proposed, eg. Ref.l1l7),
whose job would be to install and operate CHP schemes and act at the
interface between industry and the ESI. They would have the necessary
expertise and enthusiasm to promote CHP,\and being a Nationalised
Industry could apply the National test discount rate. A disadvantage
is the introduction of another bureaucracy. A 'competitor' to the ESI

might have beneficial results.

The aim of national policy should be to set up a system whereby the
Nation's benefit is maximised, and hence where contributions from ail
sources are fairly valued in respect of this consideration. A mix of
private and ESI cogeneration could be expected. The difference

between the values of ESI énd Independent cogeneration electricity
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should be small. The results of the next chapter although derived
from expected values, and hence being directly applicable to the
valuation of independent schemes, will be a close valuation of

industrial cogeneration from ESI schemes.

5.7 SUMMARY AND CONCLUSIONS — CHAPTER 5

The following important conclusions have been reached in this

chapter:

1. The National benefit is maximised when independently generated
electricity is traded at marginal value and a National test discount
rate is used to assess schemegs. Similarly the ESI should assess

cogeneration schemes with the same criteria as other plant options.

2. A CHP scheme has two elements of value: +that of the units generate&'“

and of its contribution to capacity.

3. The trading arrangement is determined by a tariff which is a
compromise between accuracy and convenience: expectation values of
EST marginal generating costs are calculated by a probabilistic

simulation model for 2 'typical' days of the year.

4, The response to the tariff is simulated by the site model: non-
linear site models have been developed for both diesel engine and gas

turbine CHP schemes.

5. Thé capacity credit is calculated in two stages: firstly the MW/MW

capacity credit and secondly the assignment of a value to this.



- 151 -
6. Two methods have been formulated to calculate the MW/MW capacity
credit: the more sophisticated is a probabllistic simulation model,

the other a method using normal distributions.

7. The value assigned to the MW/MW capacity credit depends largely
on the ability of CHP schemes to displace peaking plant, and on cost

estimates for nuclear power.

8. Although operational advantages will confer a higher value to
ESI cogenerated electricity, the differential over independently

generated electricity should be small.
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CHAPTER 6

CASE STUDIES ON THE MARGINAL COGENERATION SCHEME

6.1 INTRODUCTION

Chapter 6 presents case studies for two industrial sites to

illustrate the use of the methods described in the previous chapter.

Descriptions of the heat and power demand characteristics of the
two sites, the plant of the CEGB system, and the prime movers used
for the CHP studies, are first presented in section 6.2. This is
followed by details on plant capital costs, and on scenarios for fuel
and electricity prices (6.3). The chapter then follows a similar
pattern to sections 5.3-5.5 of chapter 5, by presenting results of the
marginal generating cost calculation (6.4),operation of the site models
(6.5), and calculation of capacity credit (6.6). The resulting
economics for CHP schemes using diesel engines at the two sites for
the fuel price scenarios are then given in section 6.7. Finally some
further applications of the models are described including, gas turbine
schemes, engine modifications, afterfiring, tariffs and energy

conservation.

The results presented are for the marginal CHP scheme. All costs

have been reduced to January 1278 values in real terms.
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6.2 THE SITE AND SYSTEM DESCRIPTIONS

6.2.1 The Industrial Sites

Detailed heat and power demand data for two sites were obtained.

They are as follows:

Site l: Engineering Firm — Midlands

The heat load is mainly a space heating load with some demand for
hot water. The electrical load is for the industrial process. The
heat load is thefefore seasonal; the electrical load fairly constant.
‘Heat and power load duration curves are shown in figure 6.1. Heat is

distributed in the form of pressurised hot water at 150°C.

Site 2: Batch Chemical Firm - North West

The heat load is for process steam and has a higher annual load
factor than the space heating load of site 1, as can be seen from the
heat load duration curve of figure 6.2. Process steam is required at
10 bar and 180°cC. Approximately 50% is spoiled in the process,‘and
hence condensate make-up is 50%. The condensate is returned at

approximately ISOOC.

The problem of matching the heat available from the engine to that
required, is immediately obvious. To heat 1 kg of water by IOOOC
requires 420 kJ, whereas the isothermal conversion to steam at a temp-
erature 2100°C requires approximately 2280 kJ. The Ruston AT350
engine at normal design has around 18% of fuel input energy as available
exhaust.heat (at a temperature sufficiently high to convert water to
steam), and around 22% as heat at <100°C. Thus even if all the water

converted to steam by the engine is feedwater make-up, heated to 100°¢C
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by the cooling circuits of the engine, only a small fraction of the
available low temperature heat can be utilised. Aléernatively the
contribution of cogeneration is severely limited if the use of all
the low temperature heat for feed heating determines the size of the
scheme. To improve the fraction of low temperature heat recovered,
either its temperature must be raised (section 4.4), or a separate

use found for low temperature heat <100°.

It may be possible, or the economics may favour even with replace-
ment of distribution mains etc., to lower the temperature of the
distributed heat. The design philosophy of one centralised boiler
house, plus minimisation of capital cost of the distribution network,
favqurs a one high grade of heat system. The best design approach
in a diesel powered CHP scheme may be to have perhaps several, lower
grade heating circuits, requiring higher capital cost but inducing
considerable saVings in running costs. The cogeneration scheme must
nof be considefed in isolation, but viewed as an integral part of an

energy conservation and supply investment decision.

It will generally be easier to reduce the temperature of heat
demand for space heating applications than for process, where expensive
re-design of process methods may be necessary. It has tﬁerefore been
assumed in the case studies that for site 1, all the low temperature
engine heat is usable {possibly entailing some changes in heat delivery
methods), but that for site 2 none can be used. In this way the two
extremes of heat recovery possibilities for the engine will be

illustrated.

6.2.2 The CEGB System

The model of the CEGB system used in the probabilistic simulation
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models, is based on data taken from references 9, 11, 18 & 20, and is
outlined in Table 6.1. The plant and costing breakdown is a result
of the contradictory requirements of realism and limitations on

computing resources. The following comments are needed:

1. The system was modelled in the years 77/78 and 84/85; the installed
capacity in the latter case being based on scheduled construction

completion (Ref.9) and of planned decommissioning.

2. Unit generating costs shown are at the station gate, and have all

been adjusted to January 1978 money values.

3. A 20% outage for maintenance was assumed during the 'off-peak!

season.

6.2.3 The Prime Movers

In order to maintain continuity and to show the economic benefits
of the design changes postulated in chapters 3 and 4, the Ruston AT350
engine is used, as the model engine. It is in any case fairly typical
of modern 4-stroke design. This engine will be available in sizes
ranging from 3 cylinders at 1.1 MW up to 18 cylinders at 6.6 MW. The
gas turbine used is a GEC EM-27 variable recuperation turbine, having

a maximum power output of 1.9 MW, and described more fully in Ref.52.

The characteristics of the 9AT350 engine have been given in chapter
4, and are taken to be similar for the other sizes of this engine.
Lubricating oil costs and maintenance costs are for convenience taken
to be proportional to the cost of fuel used in the engine. For fuel
0il priced at 0.45 p/kwh, lubricating oil is taken as 5% and maintenance
at 10% of fuel cost. These figures are deduced from Ref.l15 and relate
to an engine of 125 kW/cylinder. Engines of higher output per cylinder

may have lower maintenance costs; alternatively costs for older or
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TABLE 6.1

CEGB System

. . Generating Cost/kWh Installed Capacity
Type | Unit Size FOR Jan. 78 Price Level MW
MW 1977 1984 1977 1977 1984
N 620 - 0.20 - - 3720
N 460 0.15 0.15 0.54 3688 3688
F 620 - 0.20 - - 8060
F 430 0.15 1 0.15 1,136 24080 24080
F 200 0.10 0.10 1.254 6400 6400
F 160 0.10 0.10 1.361 3680 3680
F 100 0.10 0.10 1.291 5000 5000
F Q0 0.10 0.10 1.490 5040 5040
F 65 0.10 | 0.10 1.758 2535 2535
F 60 0.10 - 1.900 2280 -
F 60 0.10 - 2.000 1200 -
GT 80 0.05 0.05 3.50 2240 3520
56,043 65,723
= Nuclear
F = Coal or 0il fired -
GT = Gas Turbine
TABLE 6.2
Scenarios for future coal prices
11
P/KWR 4 b ofile 1 | Profile 2 | Profile 3 | Profile 4
of coal
1985 0.52 0.47 0.38 0.33
19¢e5 0.69 0.61 0.45 0.35
2010 1.37 0.92 0.60 0.40
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poorly maintained engines could be significantly higher. The engine
is assumed to be on forced outage 5% of the time and planned outage
10% of the time. Design efficiencies of modern industrial fossil
fuel fired boilers are around 80%, and this figure is used as the
auxiliary boiler.efficiency in the site models. Afterfiring

efficiency is taken as 96%.

6.3 SOME BACKGROUND ON PRICES

6.3.1 Scenarios for Fossil Fuel and Marginal Electricity Prices

The differential; between the prices of fossil fuels, nuclear
power and marginal electricity will be central in determining the
economics of cogeneration schemes. Ideally probability distributions
would be estimated for future fuel prices, and CHP planning decisions
made with expectation values of return which included fossil fuel and
electricity price uncertainty. However the effort required for this
was beyond the scope of this research project, and instead scenarios
were used covering a range of possible futures regarded by the Dept.

of Energy (Ref.20) as including extreme possibilities.

Table 6.2 shows various possible profiles of future coal costs as
proposed in Ref.20. The extreme low and high cases respectively
represent costs held down by successful NCB investment, and coal prices
close to central estimates for oil. Between 1985 and 1995 they
correspond to price rise rates of 0.7% and 2.9% per annum. Although

it should be noted that the Profile 1 figure of Ref.20 of 0.52/kwh for
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coal in 1985 corresponds to a very high 7.6% per annum increase in the

real price of coal between 1978 and 1985.

An important question is how marginal electricity prices will be
related to fossillfuel prices over the next 25 years, and in part-

icular whether nuclear power can influence this marginal cost.

The Department of Energy 1978 Green Paper (Ref.2l) gives high and
low growth rates for simultaneous maximum demand (SMD) of 3% and 2%
respectively. These equate to SMD in the year 2000 between 66 and 82 GW.
The CEGB load duration curve shown in figure 6.3 (Ref.4l), gives a
base load of 14 GW in 1982, The load duration curves for 2000
represented approximately by the straight full and dashed lines are

for 2 assumptions about load shape development. The full line
SMD

corresponding to a base load multiplied by the factor ———2999, and
Sy 982
the dashed llng being an increase in base load by SMD2OOO - SMD1982.

The four lines therefore approximately cover the extremes expected by

the Department of Energy in the year 2000.

The required new plant construction by 2000 to give a 20% margin;
is 27 GW for 2% growth and 61 GW for 3% growth. The maximum possible
new nuclear capacity on line by 2000 is stated as 35 GW (Ref.21). The
effective nuclear capacities in 2000, allowing for an availability of

0.7, in the 2% growth case (27 GW of construction) and 3% growth case

(35 GW of construction), are marked in Fig. 6.3.

It is then apparent that within the range of 'conventional' energy
futures, apart from a small influence by nuclear electricity during the
summer night, the expected marginal cost will be determined by fossil
fuel prices. This is most useful as it allows the conclusion that
the shape of the diupnal marginal electricity cost will remain reason-

ably constant, and prices can, to a first approximation, just be
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inflated by the rise in fossil fuel prices. Gradual small improve-
ments due to the displacement of more efficient fossil plant may be
expected, but these have been neglected in the following analyses.
It is of course possible that the future will lie outside those
presented here: éome modification would then be required to the results

énd conclusions that follow.

Marginal electricity generation is dominated by coal burn; it
is therefore assumed in the scenarios used that marginal electricity
prices rise at the same rate as coal prices. It is therefore implicitly
assumed that gas and oil burn is substituted by coal (as far as possible),
if coal becomes significantly cheaper than oil and gas, or that gas, oil
and coal rise at similar rates. It is unlikely that o0il or gas prices

would rise more slowly than the coal price.

In order to cover a full range of possibilities the following 3

scenarios were investigated:

Scenario 1: Annual rate of rise of the marginal electricity price

AC = 0.7% and of the price of fuel to the scheme AC

— L)
marg £ = 0.7% per

‘annum. ie. coal and oil prices follow a low price growth rate path
corresponding, for coal, to the rate of increase between 1985 and 1995

of profile 4 (Table 6.2).

Scenario 2: AC = 0.7%, AC

_ o . .
marg £ = 3.5% per annum. ie. coal prices

are kept reasonably low as in scenario 1, but oil prices double in

20 years.

Scenario 3: AC = 2.9%, AC_. = 2.9% per annum. ie. both coal
marg f

and oil rise at the higher rate, profile 1 (1985-1995) of Table 6.2:

a doubling time of 25 years. In each case the starting point for

annual increments is the January 1978 actual value: thus actual values

are less in the high growth case than actual profile 1 values.
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Thus the influence of the relative values of capital and fuel,
and a high relative rise of oil with respect to electricity (a most
disfavourable case for diesel cogeneration) are covered. The case
of electricity prices rising more quickly than oil is considered

unlikely.

6.3.2 Plant Capital Costs

It is the incremental cost of the CHP scheme that must be used
for the capital cost in assessing the economics of the scheme. Hence
the capital cost will rarely include the cost of auxiliary boilers;
the afterfiring rig is only included if there are existing, serviceable
boilers; the distribution network only if it needs replacing or

extending.

Table 6.3 shows three sources of information on diesel CHP capital

costs:

Source 1: (Ref.62) 1Installation date is 1980, and costs include
interest during construction, but no information is given
on dating of capital costs. If January 1980 costs then

deflation to January 1978 gives £205/kwe.

Source 2: (Ref.35) December 1976 prices if inflated to January 1978

give £230/kwe.

Source 3: The total cost is £33O/kwe but the cost of the auxiliary
boilers would not normally be included in the incremental
cost. Distribution costs are higher than would be met on
a single site, which leaves £210/kwe for a project installed

in 1980.

A January 1978 capital cost for diesel CHP of £2OO/kwe is there-
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TABLE 6.3

Diesel Capital Costs

McLellan {(Ref. 62} — Source 1

Installed capacity 24 Mw
Plant Cost £5.75
Building & foundations 0.45

£240/kW Comments

£ 19/kwW (i) includes interest
during construction

3 @
1

3

Waste heat boiler 0.35 m £ 14/kW

Total 6.55 m £273/kW  (ii) installation date 1980
Gurney (Ref. 35) - Source 2
Installed Capacity 15.36 MW
Generators £1.84 m = £120/kW
Major Plant 0.85 m £ 55/kW (i) 6 small engines
Ancilliary Plant 0.29 m £ 19/kw
External Works 0.09 m £ 6/kW

Total ™ 3.07 m £200/kW at Dec. 76 = £230/kW at Jan. 78

' prices

Price (Hereford Scheme) - Source 3
Engines £133/kwe = £210/kwe completion
Buildings £ 67/1<We date December 1979
Waste Heat Boilers £ lO/kWe
Auxiliary boilers £ 40/kwe = £16/kwth
Distribution £ 83/kWe = £33/kwth

£333/kwe
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fore felt to be reasonable. This is perhaps optimistic and

sensitivities to £250 and EBOO/kWe are investigated.

6.4 TARIFF RESULTS

A two season year was chosen: the 'winter' season comprising
weekdays, November to February inclusive, and the summer season, the
rest. This choice was decided by the desire to highlight the
differences in dally marginal price variation winter to summer, and
to facilitate the accurate determination of éapacity contribution at
times of potential system maximum demand. Annual system maximum
demand falls on working weekdays between December and February (Ref.45):
the response of CHP schemes to well defined expected marginal costs
is therefore procurred by this winter season. The inclusion of
November and holidays should not significantly distort results.

Summer season cost ;alues are perhaps a little distorted by the inclusion
of winter weekends, but this is done for simplicity in tariff structure.

The maintenance schedule tends to equalise the marginal cost and the

risk of loss of load, between summer and winter.

The expected marginal costs were calculated by the probabilistic
simulation model described in section 5.3.3, using the system plant
described in table 6.1, and a year's hourly CEGB demand data for 1977/78
(fpril to April). Costs calculated are station gate costs, and make

no allowance for transmission losses.

Results for 1977/78 are shown in fig. 6.4. The marginal cost has
features that could be expected: a winter peak at around 5-6 pm, a night

valley and fairly constant values during working hours. The summer
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curve lacks the sharp afternoon peak, but has a broader peak in the
late morning. Fossil fuel costs dominate the marginal costs through-
out. .The average of the marginal costs (Ce ) is approximately equal
to the Bulk Supply Tariff energy charges form:hat year (with fuel
cost adjustment)}‘being 1.297 p/kwh on average, compared to 1.231 for
the Bulk Supply Tariff. A difference of 5%, easily accounted for by

the inaccuracies of both pricing methods, and the imperfection in

allocation of capital costs.

Marginal costs were also calculated for 1984/85 (approximately
the last date for which the system is presently determined), using
postulated electricity demand for both scenarios 1 and 3, with and
without a 7 year forecast variance of 9% (Ref.45). Demand in 1984/85

is calculated from 1977/78 hourly demand figures by multiplying by the
SMD

factor of 1.2 = ___l2§ﬁ’ where SMD is a CEGB estimate (Ref.9).
SMD1977 1984
Results for the scenario 3 calculations are shown in Fig. 6.5. The

system in 84/85 has less reserve capacity than in 77/78 which means that
the hourly marginal cost variation over the day is larger: less
efficient plant are 'expected' to cover daytime peaks. Inclusion

of forecast variance increases expectation values because generating

costs increase more rapidly as one moves down the merit order.

Beyond 1984/85 uncertainty in fossil fuel price, electricity demand
and the plant in the system are'all factors in the calculation of
marginal prices. Installation date in the case studies presented is
assumed to be January 1978; project life is 25 years. To make an
investment decision and in order to calculate capacity displacement in
future years, estimates of fossil price, electricity demand and system
plant could be made, a tariff calculated, and the site model used to
simulate CHP operation, for each year over the lifetime of the plant.
This-would be very time consuming and hence a simplified approach was

adopted.
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Using the 1977/78 tariff the site models were run for a wide
range cf fuel costs (0.35-0.75 p/kWh). The method for each of the

scenarios was then:

C _
Scenarioc 1: The ratio —E—z—— remains constant and hence the
o marg
optimal . operation of the CHP scheme will be unaltered by fuel price

changes. The scheme's operating profit is Jjust increased by 0.7% per
annum.
Ce
Scenarioc 2: The ratio —— 1is calculated for each year n over the
G
‘marg
project lifetime. Then assuming constant C the fuel cost is
marg

determined for year n, and the profit for each year extrapolated from
the table of operating values. Each year's profit is then multiplied

by (1.007)".

Scenario 3: As for 1 but with the profit being increased by 2.9%

per annum.

Although this approach.ignores the affects of the changing margins
between systém demand and installed capaci#y, it is felt to be a
reasonsble approximation. It is implicitly assumed that the price
of heavy fuel o0il continues to determine the value of industrial heat.
This may be questionable if the 0il price rises significantly faster
than other fuels, although inertia and the operational advantages of
0il will ensure that it will still be widely used over the lifetime cof

any plant installed at present.

6.5 APPLICATION OF THE SITE MODELS

‘Hourly demand data for each of the sites feor one year were used.

Each diesel engine was assumed to be out of operation for five weeks
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in the summer for maintenance. In addition they were assumed to be
subject to a forced outage rate of 5%. Operation was simulated by
the site models for fuel prices between 0.35 and 0.75 p/kwh, and for
a range of installed capacities. Before discussing capacity credits
in the next sectidn, and the overall economics of the schemes in
section 6.7, some preliminary comments are made on sensitivities of

site operation.

Some approximate infeormation is readily available about the
C
sensitivity of CHP output to the ratioc -75—2—— . Electricity from
‘marg

the engine is at a minimum price when the heat demand, H3>Qemax then

the maximum permissibée fuel price for breakeven with the central
‘marg . . . .
supply Cfmin = " . CHP electricity price is a maximum
m - r

n n
e aux

when H = 0, then the maximum permissible fuel price for breakeven with

. n .
the central s ly C = e C = mum heat
upply Cpo oo = emarg’ Qemax maxi
m

recoverable from the engine.

The other symbols are explained in Appendix 3. This is approximate
as 1t ignores benefits from afterfiring which will favour CHP

electricity production.

Cr . and Ce have been plotted in fig. 6.6 for each hour of the
min max
winter day for both sites using the 77/78 tariff. Also drawn is the
January 1978 heavy fuel oil price to industry (Ref.18) of 0.47 p/kwh.
If Cf is below Cf the scheme will generate when HiaQe , and if
min max '
Cf is below Cf then production of electricity alone is cheaper on
max
site. Fig. 6.6 therefore shows that site 2 will be much more sensitive

to fuel price rises than site 1, and that both sites will generate with-

out any heat load at the afternoon peak.

Fig. 6.7 shows weekly heat outputs from a 6.6 MW engine on site 1,
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for a range of fuel prices. Two important features are discernable:

1. Winter output for each fuel price is fairly stable because
installed capacity is such that engine heat recovery is less
that the site average heat demand. In this way. the scheme is
less sensiti?e to fluctuations in heat demand in future years.
Installing capacity giving engine heat recovery less than the
site maximum heat demand and topping up preferably with after-
firing, alternatively with auxiliary boilers, also improves load

factors on the expensive components of the schemes.

2. The drops in output between Cf = 0.55-0.65 p/kwh and 0.65-0.75

p/kwh, might have been deduced from fig. 6.6.
Some more discussion is given to the sensitivity of capacity

displacement to fuel price and installed capacity in the next section.

Data is also available, if required, from the site model on
hourly CHP operation, which enables plant cycling conditions to be
examined. Information is also given on the contributiéns of after-
firing and auxiliary boilers, on heat dumped, import and export of

electricity and site thermal efficiencies.

6.6 RESULTS ON MW/MwW CAPACITY CREDIT

The system simultaneous maximum demand occurs during the 'winter'
season,'hence it is the winter probability density functions that are
of interest in the calculation of the MW/MW capacity credit. The
hourly probability density functions of site output for 'winter' and
'summer' are not in fact normal distributions, as the example of

fig. 6.8 indicates.
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Problemns were encountered with the probabilistic simulation
system reliability model when examing a CHP scheme of 5-10 MW in a
system of 50 GW. Computer storage and running time requirements are
strongly dependent‘on the size of the steps used to represent the
system. For exémple a step size of 200 MW gives running times of
around 120 central processing seconds on a CDC 6600 computer: times
rapidly increase for smaller steps. The generally small relative
size of CHP schemes results in rounding errors being important, and
they were in fact found to swamp the details being sought. To
artificially increase CHP scheme size would be to give output variance

an importance not there in reality.

Within the confines of available computing resources and the time
available for program redevelopment,'it was not possible to obtain
useful results from this probabilistic simulation model. However in
principle this method can work, and in practice might be made to do
so with more careful attention to the avoidance of rounding errors.
Another line of development would be to modify the marginal cost model,

thereby avoiding the rounding errors introduced by deconvolution.

The site model a;so gi&és the hourly mean and variance of the site
output probability density functions: figures 6.9 a-c and table 6.4
show some examples of the results for the two sites. Figs. 6.9 a-c
just show the mean of site output given by the model, and hence do not
include the effects of forced outage or loss of heat load. The

important features of the results are itemised as follows:

c
1. As the ratio ——— increases, the mean value of site output
marg
(FCHP) decreases. For site 1 output is stable up to Cf = 0.65

o/kwh and Feup changes only slightly. Output from site 2 however
is very sensitive to any increases in fuel price. From (p, G)CHP

the capacity displacement can be calculated at any particular fuel
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TABLE 6.4

Variance of Site Output

(9. = 4.28 aw)
Site | Site | Site | Site | Reduction in MW/MW capacity
Installed Capacity Cf(p/kwh) 1 2 3 4 Credit due to variance (%)
H P e a
1 2 1 2 1 >
0.45 3.1 3.110.38;0.26 0.001 0.0005
3.3 MW 0.55 3.1 2.1]10.59]0.51 0.002 0.003
0.65 2.8 1.7}10.54] 0.61 0.002 0.005
0.45 6.2 0.7910.99 0.002 0.004
6.6 MW 0.55 6. . 1.17 4 0.63 0.005 0.004
0.65 5.1 0.98} 0.65 0.004 0.006
0.45 1.34|1.72 0.005 0.008
9.9 MW 0.55 1.841 0.85 0.008 0.006 °
0.65 1.52] 0.60 0.008 0.005
0.45 12.0{1.38| 2.47 0.004 0.01
13.2 MW 0.55 3.212.20}11.12 0.012 0.003
0.65 1.711.87] 0.65 0.012 0.006
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price. A probability distribution can in priciple be formulated
for the future fuel price (eg. a 7 year horizon), and from that

directly the probability distribution for capacity displacement.

For C. < C

£ £ output is fairly stable over the day if Qemax is

min
less than the winter average site heat demand, but less so if

greater capacities are installed.

Table 6.4, shows (p, O) given by the site model for the 2 sites

CHP
for various fuel prices. The (u, G)CHP shovn include the effects
of forced outage. Also shown is the percentage reduction in the

MW/MW capacity credit due to the output variance on a 7 year
forecast (00 (system load standard deviation) = 4.28 GW). In
all cases the reduction because of variance can be seen to be
negligeable. The MW/MW capacity credit is therefore just the
mean of CHP output divided by ESI plant évailability at the peak.
For the values of (g-)cHP shown in table 6.4, the variance would

only lead to significant reductions of capacity credit for schemes

larger than around 1 GW.

In the cases where‘pCHP is reasonably constant over the hours
other than G-8, the capacity displacement is well defined.
However if Beyp varies some method of weighting the contribution
over the day is needed: it is here that the probabilistic
simulation model or some similar method is required. It may be
noted that a substantial contribution at the afternoon peak is
frequently expected, even when output through the rest of the day

is small.

The one further contribution to the CHP output probability density
function is likely to be the probability of loss of heat load.
The variance of a probability distribution assigned to this is

unlikely to make the overall variance significant.
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6.7 THE ECONOMIC RETURNS ON DIESEL ENGINE CHP SCHEMES AT THE TWO SITES

Tables 6.5a,bAshow the returns on insﬁalled capacities of diesel
engines between 3.3 and 13.2 MW, for the two sites under the 3 fuel
price scenarios. Returns are shown with no capacity credit and for
capacity credits received from year 1 of the project. This capacity
credit has been calculated by the Normal Distribution method of section
5.5.2, using the site model results of section 6.6. The maximum value
of gas turbine displacement has been assigned to this MW/MW capacity
credit (5.5.3); which for a £200/kW gas turbine gives £14.2/kW/annum
for a 5% discount rate, and £22/kW/annum at a 10% discount rate. The
load factor (L) shown is the ratio of the sum of site heat demands
$Q to the total heat recoverable from the engine if availability

max
ig 100%.

Both Internal Rate of Return (IRR), and Net Present Worth (NPW)
at 5 and 10% discount rates, are shown. IRR although being a simple,
fairly clear indiéation of economic value, says nothing about the amount
of capital that should be invested. NPW is therefore shown which, if
a 'cost of capital' has been decided, can indicate how much capital to
invest. A 5% discount rate has been used for capacity credits in

the IRR calculations.

Much information is given in tables 6.5a and b: the following

comments are made on their contents:

1. A capital cost of £200/kW has been used: higher costs will give
diminished returns and smaller optimal installed capacities.

An increase of £50/kW will decrease NPW by £0.05 million/MW



- 176a -

TABLE 6.5a

Returns on Diesel CHP Site 1

IRR (%) . . . .
(5% discount rate on no capacity credit capacity credit year 1
displaced gas turbine) Scenario Scenario
Installed
L Capacity (MW) 1 2 3 1 2 3
0.82 3.3 17% 10 20 24 19 26
0.68 6.6 12 2 15 19 13 21
0.56 9.9 10 <0 12 16 10 18
0.43 13.2 8 <0 10 13 7 - 15
No Capacity Credit Capacity Credit Year 1
NPW (£m) 5% TDR 10% TDR 5% TDR 10% TDR
L Installed Scenario Scenario
Capacity (MWw)
1 2 3 1 2 3 1 2 3 1 2 3
0.82 3.3 1.1 0.2 1.6 0.4‘ 0.0 0.7]11.7 0.8 2.3}]1.0 0.6 1.3
0.68 6.6 1.2 =0.2 2.0 0.2 -0.50.6{2.40.83.2(1.5 0.6 1.9
0.56 9.9 1.1 -0.7 2.1{-0.1 -1.0 0.4 2.8 0.8 3.8} 1.7 0.6 2.2
0.43 13.2 0.8 -1.3 1.9} -0.5 -1.6 0.0 2.7 0.4 3.9 1.5 0.2 2.0
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TABLE 6.5b

Returns on Diesel CHP Site 2

No Capacity Credit Capacity Credit Year 1
. Tnstalled Scenario Scenario
Capacity (MW) 1 2 3 1 2 3
1 3.3 10 <0 13 17 0 19
0.98 6.6 6 <0 13 0 15
0.96 9.9 <0 12 6] 14
0.88 13.2 <0 11 0 12
Capacity-Credit Capacity Credit Year 1
NPW (£m) 5% TDR 10% TDR 5% TDR 10% TDR
. Installed Scenario Scenario Scenario Sgenarlo
Capacity (MW) 1 2. 3 1 2 3 1 2 3 1 2 3
1 3.3 0.4 —-ve 0.7 0.0 —=ve 0.2 ]1.0 —-ve 1.4 0.6 -ve 0.8
0.98 6.6 0.1 0.6 -0.4 -0.211.4 1.8] 0.8 1.0
0.96 9.9 -0.1 0.6 -0.8 -0.511.8 2.41 1.0 1.3
0.88 13.2 ~-0.5 0.3 -1.3 -0.911.9 2.6¢11.1 1.5
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installed. This is sufficient to eliminate benefits under
scenario 2 with no capacity credits for site 1, and virtually so
if no capacity credits under all scenarios for site 2. Internal
rates of feturn are reduced by around 3-5 percentage points for
a capital cost of £250/kW, but reductions are smaller for further

increments in the capital cost.

Approximately half the value of the capacity credit is lost if
the start of credits is delayed by the first 5 years of the project.

Returns are less sensitive to the timing of credits thereafter.

Comparison of returns under the three scenarios shows scenario 3

to give an IRR 2-3 percentage points‘better than scenario 1,
representing the higher value of fuel with respect to capital.
Returns under scenario 2 are significantly less, despite the

higher values attached to ﬁeat in this scenario, and become rapidly

worse 1f the start of the project is delayed.

If the minimum rate of return acceptable to an industrialist is
around 20-25%, then it may be seen that full heat recovery; a
high lcad factor, capacity credits, and a fuel price rising not

much more rapidly than the marginal electricity price, are required.

The National test discount rate in recent years has been 5-10%,
in- which case a much wider range of projects match the investment
criterion. Although it must be noted that even if CHP schemes
meet the test discount rate, other electricity investment options

may give better returns.

That schemes give acceptable returns without capacity credits imply
that they are justifiable on energy savings alone: their net
effective system cost is negative. Similarly as diesel CHP and
central gas turbines have similar capital costs, it is possible,

particularly if ESI operated, that schemes may be acceptable on
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capacity credits alone.

7. Curves of NPW against installed capacity may be drawn for each
scenario, in order to find the capacity giving the maximum NPW.
Maxima are found to be fairly broad implying that the precise
capacity is.not critical for any particular scenario. Maxima
are sensitive to discount rate, fuel price scenario and capacity

credits.

The results of Table 6.5 cover a reasonable range of possibilities.
Comparisons will be made in the next chapter with other electricity
supply investment options. Table 6.5 is only a summary of some of the
results calculated and available: results obtained from the site models
do in fact allow a much wider range of fuel price scenarios, discount

rates and capacity credits to be investigated.

6.8 SOME FURTHER INVESTIGATIONS OF CHP SCHEMES

Some more examples of the application of the site and system models

are given in the next 5 sections.

6.8.1 The Values of Afterfiring and of Engine Design Modifications

Afterfiring

IT has been assumed in the studies of sections 6.6 and 6.7, that
afterfiring of heavy fuel o0il in the engine exhaust is utilised. In
order to.evaluate the afterfiring rig, 3.3 MW and 6.6 MW engines were

simulated at site 1 with and without afterfiring. Using a fuel oil
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price of 0.45 p/kwh and 77/78 marginal electricity prices, savings of
£22,400 and £14,400 per annum, for afterfiring cépacities of approx-
imately 9 thh and 6 thh, were achieved for the 3.3 and 6.6 MW engines

respectively. The efficiency of on site fuel utilisation is increased

by 5-6 percentage-points at site 1.

Engine Design Modifications

In order to investigate operational changes resulting from engine
design modification a 6.6 MW AT350 engine was simulated on the 2 sites,
having RT =24, A = 1.1 and a boiler exit temperature of 125°%¢. Energy
balances for this 'extreme' proposal are given in fig. 4.21, cclumn C.
Changes to some key parameters over those of the 'normal' engine for the
2 sites, are shown in Table 6.6 for a fuel price of 0.45 p/kwh and
77/78 marginal electricity prices, both constant over the life of the

project. Definitions of ﬂs. {(efficiency of CHP fuel utilisation)

ite
and ES (energy saved by the CHP scheme) are given in section 6.8.4.

The increases in economic value are in both cases fairly substantial.
Savings are higher for site 2 reflecting not only a larger percentage
increase in heat recoverable, buf also the shift from low temperature
to high temperature recoverable heat. CHP capital costs could increase
by 16% and 45% for siteé 1 and 2 respectively, to equalise IRR with
and without engine alterations. Engine design modification is there-
fore especially valuable in the situation where only exhaust heat may

be recovered.

The change in energy saved by the CHP scheme (ES) may be negative,
as shown for Site 1 and a central generating efficiency of 28%.
Increases in recoverable heat imply that a given heat load may be met
with legs electricity generated: the sign of the change in ES will
depend on the relative values of central and CHP electrical generating

efficiencies.



Assumes Change in NPW at 5% discount rate
Constant "10% " "
Capital Cost " " IRR
1] n 1 site
" " Es at 28% central
generating
efficiency
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TABLE 6.6

Value of Design Modification

" 33% "
1"
n

Site 1

+£0.37 m
+£0.23 m
+2% points
+10% points

-2 GWh/annum

2.7 0

Site 2

+£0.69 m
+£0.45 m
+5.5% points
+5.3% points

+10.3 GWh/annum

+10.9 " @
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6.8.2 Tariff Comparisons

Section 5.1 established that a marginal cost tariff was required
to maximise the National benefit derived from CHP, and this tariff has
been used exclusively so far. A comparison is made in this section

with two alternative tariffs:

1. Nothing offered for exported units: a situation sometimes
encountered and for which many CHP schemes have in the past been

designed.

2. A price half-way between the producer's marginal cost and the
ESI's marginal cost as suggested by Burchnall (Ref.8). The
producer's marginal cost actually depends on the tariff but for
this study was defined as the unit cost of CHP electricity

allowing a full heat recovery credit.

It is instructive to compare the returns and optimal installed

capacities in each case.

Figure 6.10 shows the NPW at 5 and 10% discount rates of investment
in a range of engine capacities at site 1 under the 3 tariffs. A
January 1978 fuel oil cost of 0.47 p/kwh and 77/78 marginal electricity
prices, both constant over the 1life of the project have been used.

Capital costs are £200/kW; no capacity credits have been given.

The results of figure 6.10 show small increases in returns and
optimal installed capacities between 'zero export' and 'half-way
pricing' tariffs, but significant increases for marginal pricing.
The introduction of capacity credits would further magnify the
differences. For 'half-way pricing' the ESI acquires some saving
in operating cost for no significant capital expenditure. If CHP

annual profit is defined as the saving in the site owners cost of
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meeting his heat and power demands on installation of the CHP scheme,
then the ESI's operating saving as a percentage of the site owner's
CHP profit is 1.3%, 11.7%, 26.2% and 74% for 1.1, 2.2, 3.3 and 6.6 MW
engine schemes. A 6.6 MW scheme therefore gives an ESI annual saving
of £71,400; the'cost of transmission reinforcement would in many

cases be negligeable.

6.8.3 Gas Turbines at Site 1

The gas turbine was simulated for site 1 in order to provide a
comparison of performance with the diesel engine. The variable
recuperation turbine was simulated, this having been described in more
detail in reference 52. Charaéteristics of the turbine are shown in
fig. A3.4. The 1.9 MW gasvturbine was found to be a reasonable size
for -the site and returns are plotted in fig. 6.11 for a variety of fuel
prices, with and without capacity credits. All prices are as at January

1978. The following comments are made:

1. Fig. 6.11 shows that if gas is sold at the heavy fuel oil price,
then the gas turbine can almost match the rate of return given
by a 3.3 MW diesel. Less maintenance costs (assumed rather
optimistically zero for the gas turbine analysis), less outage
and slightly lower capital costs (taken as £175/kW), almost make

up for the smaller value added in the fuel conversion.

2. The energy saved by the scheme is significantly less than for a
diesel scheme: approximately 20 GWh per annum as against 50 GWh/
annum for a 3.3 MW diesel. The full potential energy savings to

the Nation of the industrial heat load are therefore not realised.

3. The variable recuperator on the 1.9 MW gas turbine costs approx-

imately £40,000 and was found to give a simple payback period of
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around 3 years, even with grid connection. The variable re-—
cuperator therefore provides a useful flexibility for meeting

complex site heat demands as at site 1.

4, In the inaustpial contract market (>100,000 therms/annum) that is
under Considération here, British Gas follows a policy of pricing
at the alternative fuel price in any particular applicaticn. The
aim is to fit their high quality fuel into 'premium' uses. Gas
for boilers has therefore, until recently, been available on an
interruptible basis, at heavy fuel oil prices; whereas to a
gas turbine the gas is at gas oil prices whether the supply be

needed firm or interruptible.

Figure 6.11 illustrates that the economics of gasrturbine CHP are
severely impaired by this pricing policy. While ever gas was being
sold for boilers at heavy fuel oil prices this policy could be condemned
as leading to a sub-optimal ytilisation of the Nation's fuel resources.
Gas turbine CHP schemes ﬁaving.the same overall efficiency as boilers,
but converting a portion of the fuel to a high quality energy source,
are discouraged to the benefit of boilers. However the Gas Board are
not now making contracts for gas supplies at heavy fuel oil prices, and
hence the gas turbine CHP schemes being at present unable to burn heavy

fuel oil, must be evaluated at gas oil related prices.

6.8.4 Energy Conservation

CHP is frequently proposed as an energy consefving technology.
It is therefore important to quantify the efficiency of energy
utilisation and energy conservation by the CHP scheme. Two parameters
are defined:
H+P

Meite = 7 ° is the efficiency of fuel conversion by the scheme.



H P

ES =3 + 7 - F: is the energy saved by the fuel conversion
aux grid
of the CHP scheme.

H = heat consumed on site.

P = Power produced by the CHP scheme.

F = Fuel converted by the scheme.

n = Auxiliary boiler efficiency.

aux

) Ngrid = Efficiency of ESI electricity conversion.

n ., and E_ may be likened to IRR and NPW: N is a simple indication
site s site

of the thermal efficiency (as against economic efficiency), but ES is

required to find how much energy can be saved.

and ES are given in table 6.7 for a range of

Values of 1,
. site

installed engine capacities and fuel prices on site 1. Results on ES
are based on an average ESI generating efficiency of 28%. Although
when considering the displacement of marginal units a lower ESI

generating efficiency might be justifiable.

nsite increases with fuel price, but ES does not necessarily increase
also. ~ As fuel prices rise less electricity is produced by the scheme:
instead the enzines run at low loads and afterfire to meet the valuable

heat load. A small installed capacity is more efficient but saves

less energy.

6.8.5 Maintenance Scheduling

In order to plan its summer maintenance the CEGB must have inform—
ation on the expected output from CHP schemes during these months. This
is particularly important if CHP schemes form a significant part of the

Nation's electricity supply, whether ESI or independently owned. if a

significant CHP programme is envisaged, particularly one based on space
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TABLE 6.7

Energy Conservation Site 1

—> Installed Capacity (MW)

3.3 6.6 9.9 | 13.2 MW

Fuel price

site

p/kwh

0.35 0.75 0.66 0.45 0.41
0.45 0.78 0.71 0.55 0.55
0.55 0.80 0.74 0.59 0.65
0.65 0.81 0.76 0.64 0.70
0.75 0.85 0.82 0.83 0.82

3.3 | 6.6 | 9.9 | 13.2 M
Fuel price -

p/kwh ES(GWh /y1)

0.35 54.6 93.9 60.5 64 .2
0.45 52.4 | 87.2 | 76.5 | 96.4
0.35 51.1 } 79.9 | 71.5 | 87.8
0.65 44,1 | 63.2 | 56.4 | 66.3

0.75

26.9 | 26.3 | 25.3 | 26.2
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heating loads, then the problem of having sufficient time for main-

tenance may become acute.

The timing of maintenance is important, particularly at the shoulders
of the annual demand, when the plant margin may be at a minimum (fig.
6.12 from Ref.1l0). A comprehensive treatment of maintenance scheduling
is not attempted here, but fig. 6.13 illustrates the useful information
available from the modelling techniques developed. The case in point
is a 6.6 MW engine installed on the space heating load of site 1 in
77/78 with a fuel price of 0.55 p/kwh. The expected CHP contributions
for months 5, 6, 9 and 10 are shown; months 7 aqd 8 being influenced

by the engine's own annual maintenance.

The hourly expected mean outputs shown can be utilised in simple
techniques, based on some expectation of the time of occurence of
summertime peaks, or the hourly probability density functions of site

output could be used with a suitable probabilistic simulation model.

6.9 SUMMARY AND CONCLUSIONS - CHAPTER 6

The methods of analysis of the marginal CHP scheme have been tested
on two rather different CHP sites. The models and methods have, with the
exception of the system reliability program , been found to work well.
Development of the system reliability pfogram should be possible, to

complete a set of convenient and useful models for CHP analysis.

A range of economic values to the Nation of CHP schemes on the
2 sites have resulted: the returns being strongly dependent on fuel
price scenario, discount rate, rate of heat recovery and timing and size

of capacity credit. Results of chapter 7 will facilitate comparison
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of diesel CHP returns with other electricity supply options.
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CHAPTER 7

THE POTENTIAL OF DIESEL COGENERATION IN UK ELECTRICITY SUPPLY

7.1 INTRODUCTION

Chapter 7 puts the work of the previous chapters in perspective by
assessing the potential role of diesel cogeneration in electricity supply.
Further meaning will be given to the returns on diesel cogeneration
calculated in chapter 6, by comparing them with other electricity

supply options.

The three important factors in this assessment are presented in
sections 7.2, 7.3 and 7.4. Firstly some details of the UK industrial
heat load are given, secondly a comparison is made of the returns on
CHP and central supply options, and in section 7.4 the methods for
determining optimal. plant mix are described. Finally the strands of
evidence are drawn together in section 7.5 to make an assessment of the
potential of diesel CHP in the UK: the emphasis being on determining
the principle constraints, rather than attempting to make accurate pre-

dictions of amounts.
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7.2 SOME DETAILS OF THE UK INDUSTRIAL HEAT LOAD

As explained.in chapter 1 industrial cogeneration schemes are
studied in this thesis because of their generally denser loads and
higher load factors than domestic space heating loads. Among the
determinants of industrial cogeneration potential are therefore the
size and characteristics of the industrial heat load. This secticn
is essentially just a survey and discussion of the information available

on this heat load.

7.2.1 The Size of the Industrial Heat Load for CHP

The most comprehensive survey in the UK of industrial fuel usage
is Reference 27, compiléd for the Energy Technology Support Unit (ETSU)
by the National Industrial Fuel Efficiency Service (NIFES). This
gives a breakdown of the 1976 industrial heat load into process and
space heating applications and gives the temperatures of the water,
steam and direct heat required. It does not give any information on
the timing of heat usage or load factors, nor are the sub-divisions
of required heat quality as detailed as would be desired for a compre-
hensive CHP study. Neither of the other two surveys that were con-
sidered, by the Science Policy Research Unit (SPRU) of Sussex
University (Ref.13), and the Confederation of British Industry (CBI)
(Ref.14), are as comprehensive, although the work at SPRU is still in

progress and may eventually give more detailed information.

Figure 7.1 shows the industrial heat usage in 1976 at temperature

levels feasible for CHP (Ref.27): consumption is broken docwn into 8
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Key to Figure

Purpose Medium Temp.

Process Water : <80°C
" Steam/Water 80-120°¢

" 131 1 >1200C

D " Direct Fire <200°¢
E n " " 200-400°¢

Space/Water heating Central Steam/water

n " n Local boiler

Direct Acting

TABLE 7.1

Total Industrial Heat Base for CHP in 1976

(Excluding Chemical Feedstocks and the Iron and Steel Industries)

TWh‘ 7 of Total
A 26.8 9
73.5 26
53.8 19
23.2 '
17.5 13
194.8
50.1
17.2 33
H 26.2
93.5
288.3 = 33GW, at L =1
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end-use qualities and 7 industrial sectors (the iron and steel and
petrochemical industries are not included). All steam and hot water
loads and direct fired processes <400°C are considered to be, in
principle, potentially able to be met by CHP schemes. Table 7.1 gives

industrial totals by end use quality.

The heat load represents 60% of gross energy supplied to these
industries in 1976, or 45% of their primary fuel consumption. It
is 12% of total national fuel consumption. At a load factor of 1 it
comparable to the 32 GW

corresponds to 33 GW of peak district

th’ th

heating load at a density »>20 MW/ka, considered to be.potentially
economic for district heating/CHP by the Marshall Report (Ref.l17).

This district heating load is however at a much lower load factor
(<40%) and hence total district heat requirements at densities greater
than 20 MW/km2 are less. The district heating figure includes 3 GW
for industrial space heating and hence there may be some ovénlap in the

2 loadé.

Figure 7.1 also shows the portion of the heat loads already met by
CHP schemes, and the ratios of heat recovered to electricity generated
in these sectérs. These industries generate 10.5 TWh of electricity,
of which 70% is estimated to be from CHP schemes (Ref.17), in association
with 57 TWh of heat; giving an overall CHP heat to power ratio of
7.7:1, Most of the CHP is in the chemical and paper industries which
have a history of cogeneration. The figures show substantial areas
as yet not met by CHP: of particular interest are the space heating
loads in the engineering and other trades sectors, and the process loads

in the food and textile sectors.
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7.2.2 Heat Load Quality

The required grade of heat is an important factor in the viability
of CHP schemes, particularly for diesel engines where large quantities

of heat are available at a low temperature.

Table 7.1 gives a breakdown of heat loads by grade. Further
sub-divisions of the water/steam process load at temperatures=>8000,
into water and steam requirements, would be of great use, but is
unfortunately not available. A survey of 10 factories producing a
wide range of products shows the steam/water division to be 46%/54%
(Ref.1), indicating that as much as a half of the water/steam process

load=>800C, may be hot water.

The space heating load (total 33%) is made up of 17% central
steam/water, 6% local boiler and 10% direct-acting. Thus for over
half the space heating load,distribution networks must already exist.
Hot water 6<lOOOC for local distribution) is the ideal medium for heat

distribution because of its low ratio of volume to heat content.

This analysis says nothing of the association of process and
space heating loads, which may substantially increase the fraction of

recoverable heat for diesel engines.

7.2.3 Load Factors

No comprehensive survey of the timing of industrial heat loads or
of heat load duration curves has been performed. The diversity of
industrial activity makes it difficult to generalise from case studies,
for exaﬁple sites 1 and 2 of chapter 6, presented in the literature.

An attempt is made in this section to gather together some further

available information, but a much more thorough survey is needed.
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Heat loads may be divided into those for space heating and for process.

The report of McLellan and Partners (Ref.62) purports to have
established generalised methods of formulating space heating loads from
averaged air temperatures and the degree day concept. Master curves

of

space heat requirements are constructed showing an 8 month heating
season and a noticeable dip between 1400 and 2200 hours. These are two
important and unfavourable features: +the first reduces load factors,
the second would reduce the winter CHP contribution at the afternoon
electrical demand peak. 10% accuracy was claimed in applying these
methods to specific sites, but in fact only one space heating load

was actually measured (factory A), which did not show the two features

mentioned above as strongly as predicted.

Curves of the percentage of total annual heat demand against load
factor (defined as the ratio of average to peak heat demand), are shown
in Fig. 7.2 for the 3 cases given in Ref.62 and for site 1 of chapter 6.

Load factors for both the site heat demands actually measured are higher

than those theoretically predicted. Thermal inertia of the building, =~

imperfection of the space heating contreols, and variance from standard
weather conditions may be sources of some of the differences. Some
useful redistribution of heat load could be achieved by short term
thermal storage. In addition to a space heating load most industries
will have some requirement for hot water and possibly a small process
load. These can make quite significant improvements to load factors

as illustrated in Fig. 7.2 for site 1.

The wide range of industrial processes makes it even more difficult
to generalise than for space heating, but load factors will frequently
be higher. Fig. 7.3 shows a histogram of load factors quoted by Merz
and tcLellan (Ref.B63), as a result of a survey of potential CHP sites.

The histogram covers both space and process loads, but is of limited
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value as it gives no information on the more important heat load
duration curve, whereby the relation between the percentage of heat
load met and the CHP load factor may be determined. Load factors

for 10 diverse sites given in Ref.l show rather higher values, between

0.7 and 0.8.

The winter-summer variation will tend to be smaller for process
than space heat, although the heat load of site 2 shows that some
variation does occur. The diurnal variation of heat load will depend

on the pattern of working, but many processes are run continuously.

A broad spectrum of heat load duration curves is to be expected
both for space heating and process loads. The association of the two
is also likely to be important, as is the linking of neighbouring
sites. More thorough studies of industrial heat loads will be needed

for more accurate appraisals of industrial cogeneration potential.

7.2.4 Size Distribution of Industrial Heat Loads

The size distribution of industrial heat loads is a useful para-
meter: grid connection may be uneconomic for small sites, and economics
of scale may influence the choice of plant for large sites. Fig..7.4
shows the results of a survey of heat use.in Merseyside (Ref.57). Some
reservations must be made about the generality and'accuracy of these
results: the survey area contains a large number of chemical industries
and hence is not representative of the country as a whole, and the
response from the smaller sites was not high, therefore bossibly under-
estimating the number of loads less than say 2-3 thh.

Nevertheless Fig.7.4 gives interesting information on, mainly

process, industrial heat loads. The size distribution of space heating
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loads should closely parallel the size distribution of firms, as perhaps
measured by the number of employees. More than 50% of the heat load

occurs in the range 1-100 MW n potentially suitable for diesel engine

t
applications. Outside this range the considerations mentioned in the

first sentence may be important.

7.2.5 Fuel Usage for Industrial Heat

Fig. 7.5 compiled from Reference 27 shows the distribution of fuel
usage for the industrial heat load of fig. 7.1 and table 7.1. The
heat load is divided into 3 types: process via steam/water, process
via direct heat and space heating. Four sources of heat are considered:

coal, o0il, gas and CHP heat.

It is immediately apparent that a CHP scheme would mainly displace
0il and gas usage in industry; the percentage share of coal in the
industrial market having fallen from 63% in 1960 to 14% in 1977. 0il
.accounts for 45% of the heat load shown. The fuel displaced on the

ESI system will mainly be coal.

7.3 AN ECONOMIC COMPARISON OF ELECTRICITY SUPPLY TECHNOLOGIES

As mentioned in the last chapter, it is not the economics of diesel
CHP in themselves which is important, but diesel CHP returns in com-
parison with those on cother CHP and central, electricity only tech-
nologies. In order to make the comparison some generalisation is
necessary and some of the accuracy of detail of the methods of chapters

5 and 6 will be lost.
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It is impossible to cover all possible CHP values in one figure:
Fig. 7.6 maps the IRR on diesel CHP for scenario 1 in terms of the
two parameters, load factor (L) and r, the ratio of recoverable heat
to power output. The time average of the January 1978 expected
marginal electriﬁity costs of Fié. 6.4, being C, = 1.3p/kwh, has
ma

been used; all other parameters are as used in chapter 6, eg. capital

cost = £200/kw, N, = 0.38, etc. Values of r for full heat recovery

b
(0.92), no intercooler heat recovery (0.705), and no low temperature

heat recovery {(0.44) for the AT350 engine are marked.

The benefits from afterfiring, assuming no incremental capital
costs are incurred, are also indicated: the full line includes no
benefit from afterfiring, the dashed line has assumed that afterfiring
meets 50% of the heat load. Factors may be used to adjust the
values in Fig. 7.6 for other values of the parameters, eg. increased
capital costs or altérnative fuel price scenarios, but inaccuraciés
will increase as values move away from the central case. It will
therefore generally be advisable to revert to a time averaged expression
for annual CHP va;ue:

Annual Value/kW installed = (1-FOR) L |C +C.r ~kC.|.1
e € a T m T
n n

aux b

1 1 | u rL (1-FOR)T

+Calzx  -F b= c
£]n L e
aux a

where T = time period (1 year)

u = fraction of the total heat load not met by auxiliary

boilers that is met by afterfiring
CC = capacity credit/kW.

From this the IRR or NPW may be calculated (eg. Fig. 7.6). This
method of averages, while providing approximate answers sufficient for

the comparisons of this section, in no sense displaces the need for
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the more detailed studies of chapter 6 for investment decisions. The

method also becomes inaccurate when the cost of CHP electricity is

comparable to C .
marg

Returns on diesel CHP are also presented in fig. 7.7, alongside
returns on two other established cogeneration technologies: the steam
and gas turbines. Again time averaged values have been used. Results
are for scenario 1 fuel prices (Section 6.3.1) and schemes commencing
electricity production in January 1978. As far as possible costs and
characteristics of gas and steam turbines are from Ref.l7 and are shown
in Table 7.2; the incremental capital cost of a coal burning steam
turbine is a fairly rough estimate for a large ( »30 MW) turbine from
Ref. 92. No capacity credits are included, nor are the benefits of

afterfiring.

Gas turbines are seen to give a reasonable IRR on heavy fuel oil,
but give very low returns if burning gas oil. It should be noted that
the overall gas turbine efficiency (-(l+r)nb) = 0.66 for this turbine,
is rather less than frequently quoted, and some turbines may improve
on these figures. Gas turbines must therefore be developed for operation
on heavy fuel oils to be serious contenders for CHP schemes; in which
case they could possibly displace diesel schemes where full heat

recovery cannot be achieved.

Steam turbines burning coal closely match the performance of diesel
schemes with full heat recovery in this scenario, but using oil can
only better the diesel if only a very small proportion of the low
temperature diesel heat may be used. Lower fuel costs for the coal
burning steam turbine and the low maintenance costs, almost make up
for the lower value added to the fuel. If the oil price should rise
with respect to that of éoal, then depending on the rate of rise and

the date of scheme implementation, the steam turbine may beat the best



TABLE 7.2

Costs and Characteristics of CHP Prime Movers

£ /kw (p/kwh)
' Incremental | Jan. 78 -
nb r (1+F)nb Capital Fuel FOR km
Cost Cost
. Heavy fuel 0il Steam Turbine 0.096 7 0.77 330 0.47 0.05 1.014
. Coal " " 0.096 7 0.77 400 0.3 0.05 1.014
. Gas Turbine 0.24 1.73 0.66 190 0.47 HFO 0 1.05
Gas
0.67 0il
. Diesel 0.38 0.44-0.92 0.55~-0.73 200 0.47 0.05 1.15

= %07 -
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diesel scheme. However the energy saved by the low power to heat

ratio steam turbine will be much less than for the diesel.

These very approximate comparisons have only considered conventional
CHP technologies. - The diesel engine has the important feature of a
high brake efficiency (ﬂb), but its economics for CHP are impaired by
the prospects for future oil prices. A high brake efficiency coal
burning technology is needed, which, depending on its capital cost,
may match the returns on diesel CHP, and be insensitive to future oil

price rises.

The established, normal practice in electricity supply is large,
central coal or nuclear plants. Diesel CHP as an electricity supply
option must therefore be compared to these, in order that the best

mix of plant may be determined.

The CEGB sell eiectricity at long run marginal costs (LRMC), which
includes both capacity and running cost elements. The following
returns on investment in plant are based on gas turbines as marginal
capacity and the expected marginal costs as calculated by the probabilistic
simulation model. The returns are calculated on the capital cost of
the p;ant,\for their electricity production sold at LRMC and short

run marginal cost (SRMC), (ie. not including a capacity element).

IRR on plant for scenario 1 fuel prices are shown in fig. 7.8;
they have again been calculated for an averaged marginal electricity
cost in January 1978 of Ce = 1.3 p/kWh. Capital costs for modern
coal, and for Advanced Gasm;eactor (AGR) stations are given as £290/kW
and €470/kW respectively at January 1977 prices in Ref.20. These have
been inflated by 10% to give January 1978 costs; and including

interest at 10% during construction {(capital expenditures assumed

evenly distributed over 7 years), they give £475/kW for coal and £770/kW
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for AGR stations. Sensitivity of returns to + 20% on capital cost
are alsc shown. Section 6.3.2 deduced a capital cost for diesel CHP

of £200/kW, but it may in some circumstances be higher, hence £250/kW
has been taken as central, —-20% giving the £200/kW figure, +20% gives

£300/kW.

Running costs are taken from table 6.1 as 1.136 p/kWh for coal
stations, 0.54 p/kWh for AGR stations, and are consistent with
Ce = 1.3 p/kWh. Gas turbine capacity has been amortised at 10%
which gives an annual charge of £22/kW. Forced outage rates are 0.2

for nuclear, 0.15 for coal and 0.05 for diesel. Full heat recovery

(i.e. r = 0.92) is assumed for the diesel scheme.

Diesel CHP for scenario 1 gives much higher returns in this
analysis than AGR stations, and returns are more greatly increased4by
the inclusion of a capacity element in the IRR calculation. Returns
on coal plant were found to be very poor, less than nuclear, and hence
are not shown. Scenario 3 fuel prices increase the IRR on diesel CHP
by around 2 percentage points, and on nuclear by 4 percentage points.
Scenario 2 results show nuclear returns unchanged, but diesel CHP
return on SRMC to be at best 4-5%, but still around 14-15% at high

load factors with a capacity element (LRMC).

If heavy fuel oil and ccal prices rise ét approximately the same
rate, then diesel CHP in this economic analysis, gives better returns
than AGR stations for most rates of diesel heat recovery. This is
due to the high 'capital cost of nuclear power. Alternatively, if oil
prices rise quickly with respect to coal, then diesel CHP returns are
greatly reduced and project life is curtailed. UK and World cil
reserves are much less than reserves of coal and hence 0il prices will

tend to rise faster than those of coal: the rate of relative price

rise is a critical determinant of the possible contribution of diesel
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CHP. Fig. 7.9 has therefore been drawn to illustrate how diesel CHP

life and economics will be affected. Diesel CHP generating cost is
k

calculated as C Qﬁm - = )
T Ty

n

the coal price and hence Ce rises at 0.7%
aux ma

per annum. The intersect of CHP generating cost and Ce approximately
ma

determines the termination of project operation; the area (eg. A) between

Ce and CHP generating cost is a rough measure of benefit from CHP.
ma
Fig. 7.9 illustrates the sensitivity of the benefit area and
project life to the rate of rise of oil price. The AGR generating
cost of 0.54 p/kWh gives a much larger benefit area, but of course
requires much larger investments. The development of high brake

efficiency coal CHP technologies, with say N~ 0.4, r=1 would give

b
January 1978 generating costs around 0.4 p/kWh; its IRR would then

depend on capital cost.

7.4 THE DETERMINATION OF OPTIMAL PLANT MIX

Before section 7.5 which pulls together‘the information and ideas
of sections 7.2 to 7.3 to make an assessment of diesel CHP potential,
the existing methods that might be considered to determine optimal
plant mix in an electricity supply system are reviewed. The methods
of chapter 5 for evaluation of the marginal cogeneration scheme, are

not sufficient for this purpose.

The simplest problem is that of determining the optimal mix for
a new load duration curve, when there are no existing plant. The
method proposed by Berry (Ref.4) is suitable for this. However no

account is taken of existing plant in the system. A method proposed
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by Lucas (Ref.53) makes allowance for existing plant, but does not
consider future changes in the relative running costs of plant.
Phillips et al (Ref.67) describe an approach, used in planning studies
by the CEGB, to thimise the plant investment programme over a number
of years, and thch considers these changes in future costs. One
further method should be mentioned: that proposed by Parmantier
(Ref.66). It purports to optimise the amount, timing and operation
of an electricity supply system incorporating CHP. Some reservations
must however be expressed about the ability of a global optimisation
to optimise across a large number of widely varying CHP sites and to

also include the ESI system.

The method of Lucas was developed specifically for the assess-
ment of CHP potential, and deals with the transition from an existing
load duration curve and capacity, to a future load duration curve.

It gives the optimal type and quantity of new capacity to meet the
increment in demand, and to replace out-moded capacity, for-a given
set of economic assumptions. Fig. 7.10 illustrates the method.
Cost lines for proposed new plant (eg. 1 and 2) are constructed, as
is the locus of the end point of the cost polygon for existing plant
(lp). The point of intersection determines via the construction
shown, the new and existing capacities required. If CHP sites of

only limited load factor are available, then further sophistication

can be introduced.

This method, although being accurate within.its assumptions,
has the following faults:
1. All costs are assumed constant through the life of the plant.
é. No account is taken of the correlation between CHP output and

ESI demand, which becomes important when the scheme is not a

baseload plant. It is implicitly assumed that a site load
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factor and a system load factor correspond.
3. The system reliability effects of the inclusion of CHP are not

considered.

A plausiblg line of research would therefore have been to develop
a system plant mix model incorporating these considerations. However
the very significant influence of uncértain future oil prices on CHP
economics has already been shown, and there is also the likelihood
that any large diesel CHP contribution would be pre-empted by
rapidly dwindling oil supplies. On balance, in the context of this
thesis, it was decided that a less rigorous appraisal of diesel CHP
potential might be adopted. The development of the more sophisticated

system model, could be of benefit to future CHP studies.

7.5 THE POTENTIAL OF DIESEL CHP IN THE UK

In this section the considerations of the previous three sections
are drawn together in a discussion of diesel CHP potential. The
approach is to make approximate estimates and to examine the con-

straints determining them, rather than to attempt accurate predictions.

Before discussing in detail the system and heat load constraints
on diesel CHP, two further impacts of a substantial CHP contribution

are mentioned:

1. The variance of the output of the marginal CHP scheme has been
shown to be generally negligeable for capacity planning considerations.

1f there are n CHP schemes each having probability of output at the
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peak described by the normal distribution N(pﬂpp, ), then the

o)
CHP
summed CHP output is described by N(anHp, Jﬁ' OCHP)' Hence the

total -adjustment to capacity displacement due to CHP output variance

2
kng CHP

is P (see expression (1) in section 5.5.2). The variance

o .
adjustment to capacity credit to each scheme is, to a first approx-

imation, unaffected by the presence of the others.

2
ESI operational demand variance ( U“p) is defined here as the
variance on expected demand on a time horizon required for operation
3 . . . 2
of plant, and is smaller than the capacity planning variance 0 .

ihe éoperational variance' adjustment on expected CHP output is then
n %% up

20p ’
the system operating time horizon, in independently owned CHP output,

If this is taken as representative of the uncertainty, on

then some additional operational flexibility may be required of the
marginal ESI plant. If the CHP capacity is ESI owned then the

problem does not exist.

2. Long construction times impose long capacity planning horizons.

A commitment to CHP for system expansions would reduce the planning
horizon to 2 to 3 years, and hence the less uncertain demand prediction
would require a smaller margin of excess capacity to meet given

system reliability criteria.

7.5.1 System Constraints

CHP capacity might be considered to meet load growth, or, if
its net effective system cost (NESC) is deemed to be negative, to
replace existing capacity for its running cost savings. In general
the opfimal amount and type of new plant to meet an increment in

demand and to replace existing plant, will depend on both the form
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of the increment in demand and the cost advantages of new plant.
For the present purposes it is convenient and sufficiently accurate
to consider load growth and displacement of existing capacity

separately.

A 2% per aﬁnum rate of growth of simultaneous maximum demand
(SMD) would require around 10 GW of new capacity in 10 years,
although present UK over-capacity, could reduce this depending on
the level of electricity supply reliébility required. If just
meeting increments in SMD then to a first approximation, assuming a
sufficiency of suitable sites, diesel CHP economics change with
time only to the extent that the o0il price rises with respect to
coal. Capacity credits are perhaps justifiable depending on the
NESC of alternative plant. Installation rate is constrained by the
rate of rise of SMD, which for oil based CHP may determine the final

total contribution.

If displacing existing capacity the IRR on increments of CHP

capacity decreases because Cmarg decreases. The rate of decrease
f Cmarg will be an important factor in determining the optimal
amount of capacity to displace existing plant. c at all loads
marg :

was calculated by the probabilistic simulation model (described in
section 5.3.3) and is displayed in Fig. 7.11 alongside the 1977/78
CEGB load duration curve. It can be seen that over a wide range of
loads Cmarg changes only slowly. Cema is reduced from 1.3 to 1.2

p/kWh when a constant load of 10 GW is displaced. This in itself

will not substantially reduce the IRR on diesel CHP.

7.5.2 Heat Load Constraints

Diesel CHP may also be constrained by the industrial heat load.

Sites giving high load factors (L) and rates of recoverable heat (r)



- 215 -

0918

sJnoy

7

307 8L/LL

CEGB Expected Harginal Generating Cost at all Loads

7.11

Fig.



- 216 -
are most sUitable: returns diminish more quickly with lower r than
L. Unless design modification allows jacket coolant temperatures
greater than lOOoC (section 4.4), high values of r will only be
achieved if there is a substantial requirement for hot water along-

2

side a steam demand. 'Complimentary' loads are therefore sought.

Heat load factors are less important, as by installing diesel
capacity such that the maximum recovefable engine heat is some
fraction of the peak heat load, the load on the expensive generating
plant can be increased. Process load factors are generally higher
than those for space heat, but the association of a small process or
hot water demand with the latter may improve load factors as fig. 7.2

indicates.

A brief breakdown is now given of the heat loads in the industrial
sectors of Fig. 7.1, to help identify those sectors with the greatest

potential:

1. Engineering.

A substantial space heating load (around 40 TWh/annum) exists
coupled with a somewhat lower requirement (18 TWh) for low temperature
process heat G<l20oC). Little CHP so far installed; site 1 may be

typical.

2. Food, drink and tobacco.
A substantial low temperature process requirement (30 TWh) coupled

with a smaller space heating load (8 Twh). Little CHP so far installed.

3. Chemicals.
Large process load (40 TWh) but small space heat load. Most

already met with high heat to power ratio CHP schemes.

4. Textiles.

Process (15 TWh) and space heat (8 TWh) in ratio 2:1. High load
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factors likely and little CHP.

5. Paper.
Mainly process and little space heat. Around 50% of process

heat already produced in CHP schemes.

6. Building Materials.
12 TWh of direct process at <ZOOOC and 3 TWh of low temperature

hot water (<BOOC) for process. No CHP-

7. Other Trades.
Fairly large space heating and some low temperature process heat,

but may be unsuiltable for CHP as this sector is largely construction.

As indicated in section 7.2.1, the information is not as detailed
as would be required for an accurate assessment of the suitable’
industrial heat load. However a very approximate estimate is made
as follows. ‘The three sectors appearing to offer the greatest
potential are Engineering (20 TWh process — 40 TWh space heat), Food
and Drink (30 TWh process — 10 TWh space heat), and Textiles (15 TWh
process - 10 TWh space heat). Giving totals of 65 GWh process
associated with 60 GWh space heat. The on-site association of the
two types of load should enable high rates of heat recovery, say
r 2 0.7, and if site 1 is taken as typical, around 50% of heat
demand may be met at L 2> 80%. This then corresponds to a contribution

of 8 GW peak at 80% load factor.

7.5.3 Summary on Cogeneration Potential

The previous considerations have indicated that around 10 GW of
diesel CEP might at present meet government investment criteria if the

marginal cost trading conditions described in section 5.2 exist; but
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that a time limit on the installation of economic projects is
imposed by the probable fufure rises in oil prices relative to other
fuels. The final diesel CHP contribution would then be determined
by the physical constraint of the possible rate of installation of
schemes. The %ime limit for coal based CHP is not as critical, and
hence a thorough study of coal CHP should be made using the economic
appraisals outlined in chapter 5, as the indications are that its

potential may be considerable.

Conventional coal based CHP technology employs steam turbines
which have high heat to power ratios, and hence do no% maximise the
savings, of money or energy, possible from the industrial heat load.
Development of high brake efficienc& (nb) coal CHP is mainly focussed
on pressurised fluidised bed combustion in combined cycles (Ref.38).
Coal gasification in combined cycles offefs the potential of yet

higher values of N Further ahead the burning of coal dust in

b
diesel engines has been attempted in the past (Ref.82), and is again

attracting development attention (Ref.69).

The new coal burning technologies envisaged for central elec-
tricity generation are those using pressurised fluidised bed combustion
or gasification in combined cycles. These will give improvements in
electricity generating efficiency of only 1 or 2 pércentage points
over the best conventional steam cycles, and hence similar technologies
used in CHP schemes, having similar capital costs, and low electricity
production costs, wi;l be at an advantage. The high unit cost of
small steam turbines may however impose a lower limit on the size of
economic combined cycle CHP schemes. In the longer term then, when
oil ané gas are largely depleted, an electricity supply comprising of
a mix of nuclear, high brake eifficiency coal CHP, and renewabies,

is feasible. In the intervening period diesel cogeneration could
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act as an intermediary facilitating the necessary changes in
electricity supply infrastructure for substantial decentralised
inputs, and allowing institutional and operational problems to be

resolved.

Diesel cogeneration, while displacing 0il in industry (Fig. 7.5),
would mainly displace coal for electricity generation. Any decisiéns
on diesel CHP would therefore be influenced by Governmental'policy
regarding future oil use in the UK. Policy will be shaped by

estimates of the price and availability of, and national security

considerations resulting from reliance on, imported oil towards the
end of the century. However the ESI rightly argues for a diversity
in fuel mix for'electricity generation, and an oil based component
could be ideally met by diesel CHP: running costs are éufficiently

less than the new central oil stations for them to be replaced.

Summing the heat and power requirements of the industrial .sectors
shown in Fig. 7.1, reveals an overall heat to power ratioc for
industry of 3.7:1. High brake efficiency CHP will therefore generally
entail substantial export of electricity from the industrial sites,
and hence the institutional barriers presently réstricting cogeneration
must be resolved. ﬁnless the economic conditions necessary for
maximisation of nafional benefit from CHP are imposed, there is a
danger of 'locking up' cogeneration potential. This may be done
both by the installation of low pressure coal burning boilers in
industry as the shift occurs from oil to coal for heat supply over
the next 25 years, and by the installation of new central coal and

nuclear capacity by the ESI.



- 220 -

CHAPTER 8

CONCLUSIONS

The thesis has covered a wide range of topics, some perhaps not
in the depth of detail that could be achieved if they alone were the
subject of study. However the aim of the work leading to this thesis
was to analyse how the maximum benefit might be derived from diesel
CHP, and hence facets of both design and operation must be examined.
Returns on the overall optimisation are likely to :be greater than

those on the optimisation of any one particular aspect.

The design optimisation work considered several possible mod-
ifications to engine and heat recovery equipment. The effects of
each modification considered could have Been predicted by the models
and experience of the manufacturers, although the continuation of past
development paths would make it unlikely for them to do so in the
context of CHP. The value of this work is therefore not so much in
the prediction of individual effects, as in its comprehensive and
systematic analysis of the relative merits of the possible design

modifications for CHP.

The models of engine and exhaust heat recovery boiler developed
for the design work, are at a level of sophistication tailored to
component optimisation within larger systems. They should therefore

be of use in similar studies of diesel engines in novel configurations
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with other plant, for example if heat pumps were introduced into a

diesel cogeneration system.

The development of the methods for the optimisation of the

- operation of diesel cogeneration schemes permitted the calculation

of economic returns on example sites, and the more general electricity
supply option comparisons of chapter 7. The sensitivity of these
results to the future oil/coal price ratio has already been emphasised,
and it is the modéls and methods of analysis themselves, and the

identification of the principle determinants of value which are the

more important.

Some details of CHP operation such as the balancing of the
supply and requirements of the various heat grades, have been glossed
over, in order to concentrate on the 'overview' of optimal CHP'
operation. Once the bésic principles of CHP operation ha&e been
estabiishedh further more detailed studies of the practical difficulties
of specific scheme operation may be undertaken. In deriving the
evalua%fén éi optimal operation, it has been assumed that with

i
y

ingenuity th: practical difficulties will in most cases be soluble.

Many of the conclusions have already been noted within the text
and little more needs to be added at this stage. Substantial improve-
ments to the rate of heat recovery of diesel cogeneration schemes may
be made by reducing the excess air used in the cycle, achieved more
easily by a reduction of scavenge airflow than trapped airflow; or
by lowering the exhaust heat boiler exit temperature. Raising the
temperature of the engine cooling circuits would significantly increase
the number of applications in which high rates of heat recovery could
be acnhieved. Development of engines for CHP should give more rapid

returns than a continuation of past development trends.
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For the ﬁation to derive maximum benefit from CHP, independently
cogenerated electricity should be traded at the electricity supply
industry's marginal cost and schemes assessed at the test discount
rate used by the ESI. The ESI should include CHP with their other
plant options aﬁd apply the same financial criteria. The marginal
value of units may be calculated by the probabilistic simulation model
described, the variance on site output will generally have little
influence on capacity displacement, but the assignment of value to
this capacity displacement will depend on the ability of CHP to
displace peaking plant. A substantial heat load exists in industry
and hence the potential contribution is large for CHP schemes having
a high electrical generating efficiency and using a fuel whose price
does not rise quickly relative to the ESI's marginal fuel. The
reasons for this rather more optimistic conclusion of the potential
for industrial cogeneration than those of Refs. 5, 17, 47 are inherent
in regarding CHP as an integral part of the Nation's electricity

supply system.

Because of the broad scope of the thesis it has not been possible
to cover some topics in the depth that might be desired. - Many

avenues of further research may be identified.

It has already been mentioned in the conclusions to chapter 4,
but is worth reiterating here, that the design modification study
presented here is just a first stage, and that further more detailed
modelling and experimental testing is required. Alsg a subject for
practical research and testing by the manufacturers is the raising of
engine coolant temperatures. Another approach to the same problem
of upg;ading the low temperature heat may be to incorporate a heat
pump into the system: a heat pump is needed that can operate reliably

at around 100°C.
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This study has been concerned with design modification to the
diesel engine. Similar studies might usefully be undertaken of other
CHP technologies, and in particular for advanced coal burning schemes
where optimal CHP design may influence component deveiopmént at an

early stage.

Cogeneration schemes should not be studied in isolation from the
heat and power demands that they must meet. Modifications to these
demands may be beneficial to CHP operation and should be considered

in conjunction with the design of the CHP scheme.

With the decline of supplies of cheap oil and gas over the next
20 years, industry will be forced to invest in new heat supply equip-
ment, notably for a wide scale conversion to coal. At the same
. time the ESI will be considering the design and installation of
- advanced fossil fired plant to meet increments in electricity demand.
It is therefore an opportune time for a study optimising across the .
boundaries of heat and power supply.to invegtigate how these two
important sectors of energy demand may best be met. The indications
are that coal based, high electriéal generating efficiency cogeneration
may be the most suitable. Such a study would have to include the
system operating characteristics when there is a large industrial CHP

contribution, not considered in depth in this thesis, and also a more

comprehensive survey of industrial heat loads.

The future holds the prospect of higher energy demand expectations
and diminishing supplies of convenient high energy density fossil fuels.
Energy conversion of the remaining fossil fuels will therefore become
less efficient as the sources of the prime fuels are exhausted, unless
energy conversion and end use are more closely tailored to maximise
the rates of energy recovery. CHP may be regarded as one example of

this conservative philosophy. At the same time investment criteria
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for supply and conservation must be made at least equivalent, if not
biased in favour of conservation. Unless these approaches are
adopted, it may be difficult in the UK to continue to derive our

present level of end use benefit from energy consumption.
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APPENDIX 1

MATCH 8: A DIESEL SIMULATION PROGRAM

The Match 8 prdgram simulates the steady state performance of
a 4-stroke, turbocharged diesel engine running at constant speed. A
steady state requires that both the mass flows, and the compressor
power input and turbine power output be balanced. Two nested
iterative loops are therefore used: +the inner achieves the mass-flow

balance, and the outer the turbocharger power balance.

The logical structure of the program is shown in the flow diagram,
fig., Al.1l. It is written in FORTAN IV, is divided into 12 sub-
routines, and typically takes 10-15 seconds central processing time
on the Imperial College CDC 6600 computer for-each stable operating

point. )

Theorz

The engine cycle may be divided into two parts: the closed cycle
where the cylinder is isolated from exhaust and inlet manifolds, and
the open cycle where one or both of the inlet and exhaust manifolds can
exchange gases with the cylinder. The approaches to each part will be

described separately.

Closed Cvcle

The analysis of the closed cycle is a modification of a method used

by Wallace and Way of Bath University (Refs. 87,29). This is itself
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Fig. Al.l
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a nore sophisticated version of the simple limited-pressure, or dual

cycle.

The closed cycle is essentially divided into 5 sections as shown

in figure Al.2:

1. 1 -3 2 is an adiabatic compression. Over a compression ratio
of around 10:1 the pressure and temperature change significantly and

hence the compression is split into 10 steps, due allowance being made

for the variation of Cp and ¥ with temperature.

2. 2 —> 3 is an essentially constant volume combustion starting at
5O btde and ending 5O atdc. The fraction of the fuel input burnt at

this stage is determined as follows:

From the fuel preparation rate equation due to Way (Ref. 87):

dm,. = k. ( )de (a key to the symbols is given

Meing ~ M
J at the end of this appendix.)

is the fraction of fuel burnt at constant volume and

—kf(365—Xi .)

* =365 - X, . -~ (l-e "7y for 365-X, . <D. .
inj inj inj
D. . k..D._.
inj £ 7inj
“KeDin; ”kf(365‘(xinj *Dins)) for 365 - X, .3 D, .
or a=1-}1-e e inj inj
k..D.
f inj

this leaves a fraction B = l— split equally between the constant

pressure and constant slope combustion sections described next.

Some of the heat released will however be lost to the coolant.

Wallace uses a simple, experimentally determined relationship between HC,
w

the fraction of heat lost to coolant, and f/V , the general form of which
S

is shown in fig. Al.3.

A modification was introduced to this because the fraction of heat

rejected to coolant will depend significantly on R To a first

T*

approximation closed cycle temperatures and heat loss will, for constant
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1
values of other parameters, be linearly related to ( /RT).

Hence an equation of the form:
w 2 w C

f‘
H =2¢C =y + C.t—}t +C_ + 4/R was used, where the coefficients

c 1 vs . 2 vS 3 T

Cl’ CZ’ C3 and Ca are determined from experimental results if they are
available, or from simple consideration of heat transfer theory if

they are not.

HC is subtracted first from B and then from = giving effective

fractions of heat released as follows:

8'= }-x-H 1
, €L 83y
(= = < c
B =0
) - B8 <H
< = 1-H ¢
c .
. P s
From these T3 = mtlcva2 + Moy « Cal - O.75(P3—P2)(V2—VC)
(mey +=mgy)Cg
8/
3. 3 —> 4 is a constant pressure release of the fraction = of heat
input.
T =(m,, +am . )C _T. +m él c
4 t1 fi 3°3 fl 2 "al
- « . B
(mey + (& + 35 Imy)C,
and V, = (m + (e + é)m JRT
4 t1 2 f1 4
Pa
8/
a, 4 —> 5 is a constant slope release of the fraction = of heat input.

2
The point 5 being chosen so that the slope of 4 — 5 merges smoothly

with the slope of the section § — 6 which is an adiabatic expansion.

2 .
~a3 +K//a3 - 4d2a4
2a2

Calculation reveals that P5 =

C Y

v5
R

5
where a, = VA(Z - )
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Y
|

= (mle’Cal/2 + (m_, +m. (= + % ))Cv4T4)(l + Ys)

3 £l f1
a, = =P {(m BICal/ + {m, .+ m (< + E))C T ,)—%P 2V
4 4 f1 2 t1 f1 2 ¥yat4a’ T4 A
p
YsVa's
and VS =

P {1+ )-P
.5( 5-) 4

5. 5 —3 6 is an adiabatic expansion, split into 10 steps with

varying Cp and Y as for the compression.

The work done per cylinder during the closed cycle is then found

by summing the FAV terms over the steps.

Open Cycle

The engine is divided into control volumes. The analysis of the
open cycle can be performed using just 4 volumes: the inlet and exhaust
manifolds, and two cylinders (labelled X and Y). The arrangement is

shown in figure Al.5.

The pressures, temperatures and compositions of cylinders X and Y

and of the exhaust manifold vary continuously throughout the cycle.

Inlet manifold pressure and temperature are assumed constant. The
volumes of X and Y also vary. Boundary conditions are imposed by the
turbine and the compressor. All changes are assumed to be quasi-steady.

The open cycle is treated in three sections:

1. One cylinder scavenging and one cylinder exhausting (for 3 or 4
cylinders connected to one exhaust manifold), or no cylinders
connectéd to the exhaust (for 1 or 2 cylinders connected to one

exhaust manifold).
2. One cylinder exhausting only.
3. One cylinder scavenging only.

The sequence of events is illustrated in figure Al.4, for three

cylinders connected to one exhaust manifold, 240O firing interval.
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Turbine

Fig. Al.5 Control Volumes for Open Cycle Calculation

Fig. Al.6 Turbine Flow Characteristic



- 232 -

Each section is split into steps, each of 4-50 CA duration, the

general energy balance equation across each step for any control volume

being:
- = IA - LA - piAvV - A
mi+lui+l miui minhin mouthout Pl Q
EA - LA : A
.. miniTi * minCPinTin moutCPoutTout _ PAV AQ
giving T, =
i+l m, ,C .
i+l vi+l
also m. =m, + ZAm. - ZIAm
i+l i in out
p. ="M
l+l _'—V_'—
i+l
PO Amein = AMrout
i+l " m ., + (Am ., - Am )
ai ain aout
The following assumptions have been made:
1. Fluid properties are uniform throughout the control volume.

2. Ideal mixing of gases.
3. Flow is inviscid and wall friction is neglected.
4. The gas obeys the perfect gas equation: Cp, CV and Y vary with

the temperature and the fuel-air ratio.

The mass flows between and out of control volumes are calculated
Tor each step using the values of temperature and pressure at the

start of the step:

1. The flow through the turbine is calculated from the turbine flow
characteristic (fig. Al.6) and is a function of Te, Pe and Pb.
2. Flow from cylinder to exhaust manifold from evo to ivo is

calculated from the compressible flow equations:

2
A LS BN Y x
Am = A_P 2y P - (P ¥4 or Fe | 2 |¥ 1
CcX e X X € e - X
= = P [y +1
P P X

21
"
—
2
>
I
[}
oo}
>
ko



- 233 -

AN

YX+1 'YX
P ey = A Py [Tyl 2 ¥ PP | 2 7T
Sy
r—-TX R yx+l PX X+1

Ae being the effective exhaust valve area for the step.

3. During the scavenge period, compressible flow inlet manifold to
~cylinder, and cylinder to exhaust manifold cannot be used with step

size of the order of 4°CA. Tﬁe scavenge flows into and out of the

- cylinder for this step length are comparable to the mass of the cylinder
contents, and hence instabilities dué to rapidly oscillating cylinder
pressures and temperatures may-occur. In order to eliminate these
oscillationé the step size must be reduced to around 0.5 - lOCA, giving
unacceptably long running times. A different approach based on the

dominant physical processes during overlap was therefore adopted.

As the inlet valve is opening, the upwards movement of the piston
is displacing gas out of the exhaust valve, the inlet valve is con-
* trolling the flow of cooler, denser scavenge éir into the cylinder.
The incoming air will occupy a volume dependent on Pm and Tﬁ and hence
displace a similar volume of cylinder contents through the exhaust
valve. Around tdc, piston displacement reduces and flow through the?’"
valves is dominated by scavenge airflow. After tdc the descending
piston induces fresh air into the c¢ylinder, and the exhaust valve

controls the scavenge flow. The following model was therefore used:
1. Straightforward scavenge me>Pc >Pe

Before tdec Amm calculated from the compressible flow equation
P + P
n

Pn to -——5——2 using the minimum of Ae and Ai’ and a discharge coe-

fficient for fine tuning,
P T Am P AV

& m m o+ c cyl
P T RT
m c

O

after tdc fm_ comprises two parts: a scavenge part calculated as
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PmAVC 1 Twol
before tdc + == {(an induction component)

RT
m
PmAVch nvol
and Amc = Amm - RTm

2. Blowback from the exhaust manifold P;>Pm

AmC (into the cylinder) calculated from compressible flow P, to

PntPe using min (Ae,Ai) and a discharge coefficient,
2
n
Amm = AVcyl vol Pm _ Eg AmC Eg
RT T P
m ¢ e

3. Cylinder pressure greater than inlet manifold pressure: Pm< PC> Pe

Amc from compressible flow equation Pc to Pe

The model gives a cylinder pressure diagram during the overlap

period of a form similar to that found in experiments (fig. Al1.7).

Input/Cutput data

The fol;owing information is required as input data:

1. Turbine and compressor maps as two dimensional arrays and illustrated

in figures Al1.6, Al.8 and Al.9.

2. Gas specific heats at constant pressure and volume, and their ratio

as two dimensional arrays.
3. Valve timing and valve effective areas.

4. The timing of the start of fuel injection and its duration; fuel

rate and fuel calorific value.
5. The heat to coolant curve.
6. The number of exhaust manifolds, their volume and area.

7. Cylinder bore, stroke, compression ratio, con-rod length and

engine speed.
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10.

11.

12.

Friction data.

Ambient temperature and pressure.

Discharge coefficients and volumetric efficiency.

The number of steps and the required accuracy of iterations.
Initial estimates of the inlet manifold pressure, the cylinder
pressure and temperature and the turbine speed, in order to
commence the iterations. Less accuracy is required for these
initial estimates than is typically the case for the full step-

by-step models.
Qutput data consists of:

The power output and heat to the exhaust, engine coolant and the
intercooler.

The average exhaust temperature.

The engine airflow, the trapped cylinder mass at inlet valve
closing, and the inlet manifold pressure ratio.

The turbocharger power.

The step-by-step, open cycle values of the exhaust manifold
pressure and temperature, and the cylinder pressure, temperature

and fuel-air ratio.



Symbols Local to Appendix 1

Exhaust Valve Effective Area.

Inlet Valve Effective Area.

Calorific Value of Fuel.

Constants in Heat to Coolant Curve.
Specific heat at constant pressure.
Specific heat at constant volume.

Duration of fuel injection;

Fuel prepared in crank angle d6.

Increment in crank angle.

Fuel/air ratio.

Specific Enthalpy.

Fraction of fuel input energy to coolant.
Constant in fuel preparation equation.

Mass flow through exhaust valve: cylinder to exhaust manifold.
Mass of fuel already prepared.

Mass of fuel injected.

Mass of fuel per cylinder per cycle.

Mass flow through inlet valve: inlet manifold to cylinder.
Trapped mass of air per cylinder per cycle.
Pressure.

Back Pressure.

Heat Energy.

Gas constant.

Trapped Air fuel ratio.

Temperature.

Specific Internal Energy.

Volume

Clearance volume.



chl = Cylinder Volume.

VS = Swept Volume.

wf = Rate of Mass Flow of Fuel to Engine.
X, . = Start of Injection.

inj o

= Fraction of Fuel Burnt at Constant Volume.

B = Fraction of Fuel Burnt at Constant Pressure and Slope.

= Modified Fraction of Fuel Burnt at Constant Volume.

B” = \odified Fraction of Fuel Burnt at Constant Pressure and Slope.
Ax = Change in x.
nvol = Volumetric Efficiency.
Y = Ratio of Gas Specific Heats.
Subscripts: a air
c cylinder
e exhaust manifold
m iniet manifold
x = cylinder X
y cylinder Y
2,3,4,5 Points in Closed Cycle (Fig. Al.2)
in flow into control volume
out flow out of control volume
i and i+l start and finish of step i.



- 239 -

APPENDIX 2

THE BOILER SIMULATION PROGRAM

The program predicts the performance of a watertube exhaust gas
boiler comprising economizer, evaporator and superheater sections,
illustrated schematically in fig. A2.1. The directional arrows on
the water flow paths may be reversed to represent parallel or counter-
flow arrangements. Each section is treated-separately and is divided
into increments of tubing area. The analytical procedure to find a
stable operating point, or to size the boiler to produce desired water/
steam conditions, consists bf th%ge iterative loops: two sequential
inner loops and one outer lgg;i. {The logical structure of the program
is shown in the flow diagramx(%ig: A2.2). It is written in FORTRAN IV

and is divided into ten subroutines,

Theory

The gas pressure and temperature, and the water temperature are
calculated at the beginning and end of each increment of tubing area.

The derivations of the equations used follow:

Econonizer/Superheater

For step j:

m_ (C (C )

T . -C . . T . = .T . =-C_ T .
g pgj 8J pgj+l gJ+l) s  pwj wj pwj+l “wji+l

T . K + T . T . + T .
= U, A, ( gj+l g _wj+l AR
J J 2 2
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Fig. A2.1 Schematic Diagram of Watertube Exhaust Gas Boiler
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Boiler Simulation Program Flow Diagram
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This being a simple First Law energy balance across the step (it is
assumed that no heat is lost from the boiler). A counterflow arrange-—

mertt is assumed for positive values of ﬁg and ﬁs.

From these simultaneous equations the water and gas temperatures

may be calculated at the end of the step as follows:-

n C c . . K. -¢C__.)T.
(i pgj+l 2 ng) £J

s pwj N mgcpaj+lKl)ij * mg(

T . . = = -
wj+l mscpwj+l - mg Cpgj+lKl
and ng+l = K2ng + Kl(ij + ij+l)
Uj M, 2 Cops = Uy 84
1 ] — g
Where Ky =g M. r2mcC . and K, = G r 2 mC .
J J g pgj+l J J g pgi+l

The overall hea£ transfer coefficient Uj is calculated from

1
U. = - {See for instance Ref. 40)
J d 1+ AOLog(dO/di) + .
h, 21kl h .
i o

_°
d.
1
where:
. n % "

(i) ho is calculated from Nu = CRe Pr”; the values of C and n
depend on the tube arrangement, and for plain tubes were taken
from ref. 34.

(ii) Re is based on the maximum velocity of gas in the tube bank.

(iii) The gas flow is assumed turbulent.

(iv) Gas properties are evaluated at the average film temperature

Tf = O.ZS(ng + ng+l + ij + ij+l)

0.8 0.4
(v) h; for fully developed turbulent flow from Nu = 0.023 Re Pr

1 1
(Ref. 24), and for laminar flow Nu = 1.86 Re/3 4,

.
Pr/3 (di/ )

1
a slight simplification of a formula in Ref. 77. Transition
normally occurs in the range 2000<Ré:4000 (Ref.40), in the
program transition at 2000 is assumed.

(vi) Fluid properties are evaluated at the average fluid bulk

temperature for the step.
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Evaporator
The increment in steam generation Ahsj for each evaporator step

is determined by:

T . + T .
: - - Ap _ =U. A gi+l  gj -
mg(cpnggj Cpgj+ngj+l) Amsj(chZTWZ pr3TW3) UJ Aj( 2
TAm .
S)
whence m = evaporator U. MA
S T (hmC . - "j i ) + U, M. T
T R T 3T Twe
e Ui 85 ac
J—é—’l g pgj+l
and An = m(C . T .,-C |, T . )
sJ g ps) g pgj+l gj+l

pr2 Tw2 - prS TWS

Uj is calculated as for the economizer and superheater sections
except that the water side thermal resistance for nucleate boiling heat

transfer is assumed zero.

Pressure Drop

2F Giax N, Mo 0.14
For step j &P. = ——Max J =¥ (Ref.43)
N] P pgb
For plain ?ubes: 0.0881 .
F = {0.044 + o L Re 1% inline tub
B S,-d ] 0.43 + 1.13d /s € tne tubes
t "o o' 1
L d J
) o
4 sf-d 1.08 | Re staggered tubes
d
~ O s
and Nj = nN for inline or staggered arrangements with the minimum
div

flow area in the transverse direction.

N, = —= for staggered arrangements with the minimum flow area

in the diagonal direction.

w2.

)
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Input/Output data

1. Fluid property data common to all runs are:
(a) Steam conductivity, prandtl number and enthalpy, and water
enthalpy are dependént on both temperature and pressure,

and are represented by two dimensional arrays.

(b) Water conductivity, prandtl number and viscosity, steam
viscosity, gas conductivity and viscosity are essentially

dependent only on temperature and are represented by poly-

nomials.
2. Tube type, spacing, diameter and length for each section are input
data.
3. The gas and water conditions at the boiler inlets, and the steam

conditions in the separator drum are required.

4, The program may either calculate fluid outlet conditions for given
tubing areas, or the tubing area required to give stated fluid
outlet conditions. The choice is determined for each section by

values assigned to the decision parameters JDEC.

5. The output also includes the gas and water temperatures at, and

pressure drops across, each step through the boiler.

Summary

The program is versatile in being able to handle a wide variety of
input and output data, any of the boiler sections may be omitted if
necessary. Extension to firetube boilers was not attempted, but would
be relatively straightforward. Running times are short: around 2

seconds CPU time on a CDC 6600.
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Symbols‘Local to Appendix 2

A

o .

C
pg

C
pw

Nu

div

Pr

Re

LA

o

Tube outside area per unit length.
Specific heat at constant pressure of gas.
Specific heat at constant pressure of water.
Tube internal diameter.

Tube outside diameter.

Friction factor.

Maximum mass flow per unit area.

Internal heat transfer coefficient.
External heat transfer coefficient.
Thermal conductivity of tube.

Tube length.

Mass flow of gas through boiler

- Steam/water flow rate.

Tube number.

Nusselt Number.

Number of divisions.

Pressure.

Prandtl

Reynolds Number.

Tube longitudinal spacing.
Tube transverse spacing.
Film temperature.

Gas temperature.

Water temperature.

Heat transfer coefficient.
Increment of tubing area.
Gas viscosity.

Density

Subscript w

wall.

bulk.
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APPENDIX 3

THE SITE MODELS

The theory of the site models is described in this appendix.

The linear model is first given: this was not in fact programmed

for the computer, but the theory is given for comparison with the

2 site models actually used. These are the variable recuperation
gas turbine, and diesel engine CHP site models. The optimisation of
the operation and the characteristic representation is first given

for one variable recuperation gas turbine, followed by a proof of the
operating mode for several identical prime movers. Finally the model

of the diesel engine CHP site is described.

The Linear Model

The characteristics of the prime mover are assumed not to vary
with load. t can therefore be represented by:
nb’ its brake efficiency

r, the ratio of recoverable heat to power produced

, its maximum power output.
nax

For the most straightforward system comprising just prime mover
with waste heat recovery, plus auxiliary boiler, the cost function has
4 forms depending on whether P is greater or less than K,and rP is

greater or less than H, where:
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P = power produced by the prime mover
H = site heat demand

K = site power demand.

The values of the cost function are as follows (the cost function
shovn is that of the site owner operating the scheme i.e. the cost of

meeting the site's power demand is included):

CeZ'K 1 Ce2
Case 1. P>K and rP> H gives z' = C + P“‘_‘—C—
£ B £
where z' = /¢
f
and Cel = electricity import price
Ce2 = electricity export price
Cf = cost of fuel to site
1 Ce2
The slope of z' with respect to P, s, = — -
1 n C
b f
s, . c C
2. P 2K and rP< H gives z' = _e2. K +H +P}|1l - "e2 - r
Cf naux nb £ naux
"aux T ™y e2
slope s_ = - where 1N = auxiliary boiler
2 n n C . .
aux b f efficiency.
C C
3. P<X and rP3 H gives z' = EEL°K + P #L-— EEL
f b f
slope s, = = EEl
= f -
3T G
el.K H 1 Cel r
4. P<K and rP< K gives z' = G s - + P{— - T 7
f aux nb f aux
n -
slope s = aux rnb _ Cel
4 nauxnb Cf

Two relations between the slopes are evident:

t the optimum the prime mover will operate at one of the slope dis-

e H . . .
continuities P=0, /., K or P ay’ illustrated in figure A3.1. Five
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i
A
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J SA S3 5/1 |
) 1 1___P ]
o i <<*’:“ case D
yA -
) T
, -—p
5 ' Hr K %ax
case
| << 3 -
‘ ":P \\\<"
7 K Rax Hrr : < ~- casek
boos, 53 <<
/ D—P
< T case C | K e oy
~_ .
H/r mc1><K
Fig. A3.1 Minimisation of Cost Function (Linear Model)
,/////,/////////LWGU§”q1b\\\\\\\\\\\\\
SL‘.>O | - | Slfo
P:O / \
case B+E case (+D caseA
\ / \ P=Prax
S s >0
P=K / \ P=H/r / \
caseB casek case( case 0
P=Pnax / \ P=Max / \
s1<0 s1>0 51<O s >0
P:F?mx P=H/r P= %mx P K

Fig. A3.2 Decision Process for Cost Function Minimisation
(Linear Model)



cases are shown, depending on the relative magnitudes of Pmax’ K and
H
/e

For the reasonable assumptions Ce ZCeZ and na >rnb, s >0 implies

1 ux 4

that s >0 and S5 >0 implies that s. >0. The non viable paths

1’ Sor B3 1

are shown dashed in figure A3.1. A decision figure can be constructed
(fig. A3.2). It is a relatively simple matter to program this decision
process for a computer, in order to automate the calculation of site
operation. The calculation may be extended to include afterfiring

(Ref.5).

The limitations of this model have been discussed in chapter 5.

The Variable Recuperation Gas Turbine Site Model

The variable recuperation gas turbine is designed to give a
variable recoverable heat to power ratio, and hence cannot be represented
by a linear model. The turbine is illustrated in figure A3.3 and is
described more fully in reference 52. The aim is to vary the recover-
able heat to power ratio by providing variable preheating of the com-
bustion air from the turbine exhaust. The model is such that the

unrecuperated or fixed recuperation gas turbine becomes a special case.

The theory will be described first for the operation of 1 turbine

and then extended to the case of N turbines.

The turbine characteristic representation is based on data provided
by R. Lowder of the GEC Mechanical Engineering Laboratory. The turbine
operating regime is illustrated in figure A3.4, which shows it to be a

quadrilateral bounded by the lines:

a; (Q/p) +a, - ag

[
:“:';.
]
H
0]
~
1

~
1]

a, (Q/P) + 3. -a _min
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inlet -

exhaust

compressor

heat exchanger

- =="

oo

1

—wwwW— —
-

yd
combuster

air

Blade cooling

turbine

L.

packing air

Fig. A3.3 Variable Recuperation Gas Turbine (Ref. 52)
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L0~
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70 |-
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L load %
2 L
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Fig. A3.4 Varisble Recuperation Gas Turbine Operation
Regime (Ref. 52)
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¢ where E/P = b, (Q/P) + b, representing the unrecuperated
characteristic.
4 E/P = b3 (Q/P) + b4 representing the fully recuperated
characteristic.
N ... E Q P %
g = -
Within these boundaries /p = a; ( /P) +a, - ag ( /P )
max
Q@ = heat recovered from prime mover
E = energy flow in fuel input to turbine
al,2,3 and bl,2,3,4 are constants for a particular turbine.

2
The part load operation is represented by the (p/P )/3 factor i.e.

max
2

specific fuel consumption = A - Bgé, where A and B are constants. Pmax
does in fact slowly decrease (approximately linearly) with increasing

recuperator thermal ratio, due to the back pressure imposed by the

recuperator on the turbine.

The cost function (including the cost of meeting the site electricity

demand) is given by:

v = 4 Cel(K-P) k>PL Cf(H_Q) Q< H 1 ror pro
- - < n
f CeZ(K P) kg P a Q> H
. 0
(1)
C.H
zZ = celK + W for P =0 where na = afterfiring efficiency
aux

Permissible values of P are within the operating regime shown in fig. A3.4.

It is assumed that if afterfiring is used (if not n, = naux)’ the
balance of heat load (H-Q) may be met by afterfiring unless the turbine is
turned off. This is a reasonable assumption unless required heat to power
ratios are very high, as the excess oxygen level in the turbine exhaust is
high, and it simplifies the analysis. The cost function for 3rd party owner-

ship is as above but with the constant term Ce.K missing; it does not

therefore change the optimisation process.
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Substituting the engine characteristic into (i) gives:

5 C . (K-P) K>P C.(H-Q) QgH
'z = C_{a.P-a P /3 + el +a.Q + £ n for P>0
172" 73 pmax Cez(K—P) Kgp 1 0@ OsH
(ii) e
z=0C K + — for P =0
el
aux
E ’Q W
Subject to boundaries /P = b, /p + b2
£ Q, |
/p =by 1 /pt *+b,
and P =0or P . ¢ PgP
min max

Equation (ii) has 2 useful properties:

1. z = fl(Q) + f2(P) therefore the P and Q@ dependences can be treated

separately.
>/
2. f_ (P) is of the form y = A.P — AP '3 where A,, A_>0
2 5 1 2 1 2
hence Q_% <0, and any ‘turningz point within the acceptable field
dp p

of P values is a maximum.

The operating regime is illustrated for axes P and Q in figure
A3.5, and the cost function is shc'm in figure A3.6. The optimisation
proceeds within the two dimensional area bounded by the Q , Q ., P

max min’ " max

and Pmin lines; there being discontinuities in the first derivative of

Zz at Q=H and P=K.

The properties of the cost function enable it to be evaluated at a
limited number of well defined, specifiq points in order to find the
minimum. Five cases are defined depending upon the relative positioﬁs_
of the Q=H line, and the engine operating regime. The poiﬁfs for which
z is evaluated for the 5 cases are as follows (see Tig. A3.5 for location

of some of the points):

Case 1 Evaluate at (P .
“ © minl ' Qmax2

(K’Qk) ¢?Pminl< Kg P ie. intersect of P=K and Qm

maxl ax

lines
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Q
l Q=H lines
' / If | __case1
. |
| Z Q_f_"ﬂil”‘_ﬁ/r/%
Qk"""'“ — /B case 2
Fﬁmx line
case 3

|
[
|
I
P line—/ //
min Q.. line
S case &

] caseb
-—P

Fig. A3.5 Gas Turbine Operating Regime
:P and Q Dependance

Pmin

/ Qm'“ﬂ. Qmw‘d max
p” a=H

Fig. A3.6 Variable Recuperation Gas Turbine Cost Function
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(P )

maxl’ Qmaxl

)

) v
Case 2 Evaluate at (Pminl’ Qmax2

(P.,H) i.e. the intersect of the Q=H and Q lines
i max

p - P (@ - H)
(P.',H) where P.' = P _ maxl max2 maxl
A A max1 Qmaxl - Qminl
P l>/ >,
(K’Qk) where Qk = H'¢$PA K Pi
= i = i LK< .
or Qk intersect P=K and Qmax llnesgnginl K P1
Pminl - Pmin2 (Qmax2_ H)
Case 3. (P_',H) where P_' = P |, - :
B B minl Q - Q .
max2 min2

(K,H) @PB/ SKsPA'

(P,'",H)

1
A )
Case 4. (P_',H)

(Pi,H) ie. intersect Q=H and Qmin lines

(P )

max2’Qminl
(K,Q,) where Q = H¢& P’ SKSP,

= i = i <K<
Qk intersect P=K and Qmin lines éaPi K pmaxZ

Case 5. (P )

minZ’Qmin2

(K,Qk)®P . . <K<P

min2 nax2’ & = intersect P=K and Q i lines

n

)

(PmaXZ’Qminl

In addition the option of turning the turbine off by evaluating at

(0,0) is included in each case.

The above method has been for one prime move in the scheme, but it
can be extended with little modification to several prime movers as

described below. The analysis is much simplified by the fact that for
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m& N identical turbines operational, the fuel cost minimum will be
achieved when they all run at the same power level. The proof is

as follows (it is an extended version of that given in Ref. 48):

For a desired total power output = P heat output = QR’ the

b
constraints are (n=o Pn) - PR = 0 and (n=o Qn) - QR = 0 where pn’Qn =

power and heat outputs of n'th turbine.

For a minimum of Ft(= total fuel cost to the turbines), by

Lagrange multipliers (Al’AZ)

n=o n R

3 N N
5 ?Ft - A G Py - Pp) = A (2 Q) - Q) z = 0

N

N
3
3Q 3 Fe - Al (Lo Pn=Pg) = A, (Z_ Q - Q) % =0

and 3

O

Qn is independent of Pn within the operational envelope and hence the

above equations reduce to:

oF oF
t t
5. ~ M =0 and 3 -2, =0
n n
BFn . 3Fn
= -ap—n = }\l and -é—Q—r-l' =>\2 n=0,1, ...., N

Hence each turbine operates at the same load.

The discontinuity at P=Pmin means that the minima must be evaluated

form = 0,1,...,N and the minimum of these values chosen.

If N turbines of same type and size are installed, then the
minimisation of the cost function is performed as for one turbine, but
with H and K divided by m, the number of turbines operating, for m =1,

« N, For each value of m, the minimum of the cost function found
is multiplied by m, before finally the minimum value of the cost function

over the values of m is chosen.



This analysis, together with appropriate input and output routines,
was programmed in Fortran IV. Input data includes the electricity
import/export tariffs, heat and power demands, fuel cost and equipment
characteristics. Maintenance periods may also be specified. Output
includes totals'of fuel used, traded electricity, profits and fuel
savings, efficiencies, etc. In addition a subroutine is included at
the end, to formulate the probability density functions of the scheme's
electricity output for each hour of the typical days. Running times
depend on the time period considered and the number of turbines, but
are typically around 25 secondsAceﬁtral processing time on a CDC 6600

computer, for 1 turbine and hourly optimisations for 1 year.

The Diesel Engine Site Model

In many respects the diesel engine site model is very similar to
that of the gas turbine; particularly the inpu? and output routines.
The characteristic representation and optimisation method are however

somewhat different and are described below.

The characteristics -of engine and afterfirer are represented by

3 quadratic equations:

2
/p = felp + erP + fe3
Q _ 2 N
/p = fqlP + fqu ; qu
et = f P2 + f P+ f
/P TR t2" t3
where Het = heat recovered from the fuel burnt in the engine (Q) + Heat

Fal

).f ., £, and f£_, are parameters determined by the

afterfired (Hat Tey ai £y

engine, heat recovery equipment and afterfiring rig.

These equations were found to be capable of giving a good fit to

experimentally determined and computer simulated operating characteristics,



- 257 -

the form of which are shown in fig. A3.7. The limitation on after-
firing is included because the potential is not as great as for gas
turbines, and may have a bearing on the operating reguirements experienced.
The important simplification of aggregation of all heat recovery should

be noted. Althbdgh on large heavy fuel oil burning engines the heat

to power ratio is fairly constant over the normal operating range, the
non-linear approach becomes more important for dual fuel or spark

ignition engines.

The cost function (including the cost of meeting the site power

demand) is:

c, (Ho— @ | CoOH-H )y H,,
C .(K-P) K>P n n
z =k C_E + el + a aux
, _ < _
m £ CeZ(K P) K< P e (H - Q) Q€ HE H
f n
a
0 Q>H

The symbols are as for the gas turbine, and km igs a multiplication
factor to allow for maintenance costs. Maintenance cost is included in
this way, as it is higher for diesel engines than gas turbines, and is

assumed approximately proportional to the fuel consumed.

Figure A3.7 shows possible site heat and power demands (H and K)
in relation to engine operating regimes. In a similar way to that used
for the gas turbine, 6 cases depending on the value of H can be defined.
For each of these the cost function is evaluated at each point of

. d . .
discontinuity of —E, and at the minima between these points if they

dp
exist. There are at most 9 points, from which the minimum must be
found. Evaluation at P = 0 is included in each case. The extension

to the case of several engines is the same as that for the gas turbine.
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Variables local to Appendix 3

Electricity import price
Elecfricity export price
Cost of fuel
Energy flow to turbine/engine
Site heat demand
Heat recovered from afterfiring
Heat recovered from fuel burnt in engine
Site power demand
Multiplication factor for maintenance costs
Power produced by prime mover
Maximum power output
Points on locus of Pm
Minimum operating power output
Points on locus of P .
min
Heat recovered from Turbine/Engine
Intersect of P=K and Q . lines
min
Maximum heat recoverable from prime mover
Points on Q line
max
Minimum heat recovered from operating prime mover
Points on @ ._  line
. min
Ratio recoverable heat to power
Slope
Cost function
Modified cost function
Afterfiring efficiency
Boiler efficiency

Brake efficiency
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APPENDIX 4

THEQRY OF THE SYSTEM RELIABILITY PROGRAM

The program calculates the MW/MW capacity credit of a CHP scheme,
by simulating the effects of power output from the scheme on system
reliability. The program was developed by A.P. Rockingham and details
are not as yet released. The theory however, has been published
(Refs. 71 and 72), and a brief summary will be given in this appendix.
The method is presented in a stepwise manner corresponding to the

sequence of calculations.

1. From a year's hour-by-hour electricity demand data, probabilistic
load density functions are formed for each hour of days typical

of selected time periods of the year (fig. A4.la):

_ s . < 1<
PD(LD).ALD = probability load (1) is in the range LD 1% LD + ALD

From these the probabilistic load duration functions,

represented as FD(LD) (fig. A4.1b), are formed for each hour as
follows:
Lp
= P11 3L =
FD(LD) = Probability load LD - PD(l)dl

2. The plant outage density function P (LO) represents the

N,O
probability that for a system with N plants, the forced outage

capacity is Lo. It is assumed constant hour-by-hour, and is

formed as follows:
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| PD ( LD)
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Fig. A4.2 Some System Parameters
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Fig. A4.3 ELCC of CHP Scheme



: - - >
P. (L) =P. (L ).a. + P.__i O(LO Cj)'qj for LO > C

- 262 -
For a system containing N plants, these plants are committed
to load according to a merit order, and are labelled i = 1,2...,N.
The probability, for a system with j plants, that the plant outage
1o is in the range LOS 105 LO + ALO, is Pj O(LO).ALO, and is

’

calculated from the recursion relation (Ref.46):

j,o "o j=1l,0 0’ "%j J-i, J

o]
=
1l

P, P. (L Y.a. for L <,
J»o 0O J-1,0 0" 7] 0 J

vhere q‘j = forced outage rate of plant j

o
]

; availability of plant j: aj + qj =1

capacity of plant j.

Q
i

In order to include the effects of forced outage on the system an
equivalent load (LE) is defined: LE = LD + LO.PD and Pj,o are

stochastically independent and hence the equivalent load density

function for a system with j plants, P, _(L_) is given by:

J,E E
(=]
Pj,E(LE)>= . PD(LE -vy) Pj’o(y)dx i.e. it is the convolution of
PD and Po.
The equivalent load duration curve Fj E(LE) is calculated as:
. b}
Fj,E(LE) = . PJ,E(y)dy
LE

or can be formed directly: Fj,E(LE) = FD(LE—y) P, (y)dy

o j,o

It is now possible to define some important parameters of the

existing system (fig. A4.2):

(i) The probability that the system load exceeds the installed

1
capacity (LOLP) equals rN,E(CN ) where
! N
r C

C = 1installed capacity = ,
N ;1

i
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(i1) The expectation value of the energy unserved by the system

(EUSE) is the area under the equivalent load duration curve to

the right of C

N .m
Hence EUSE = T | |, FN ~(x)dx, where T = time period considered
. C 9 s
N

(iii) The expected energy production of the j'th plant

< © C'~
J
= F. (x)dx - F. .(x)dx} = a.T F. (x)dx
Ei=1 1 - t 1 -
3 Cj—l J-1,E c j J,E J Cj—l J-1,E
N —
(iv) The expected system running cost = Z B.;E, where
i=1
Bfi = running cost/kWh of set i
Note: no cost penalty has been assigned to EUSE.
5. Steps 1 to 4 are first performed to establish the parameters given
in step 4. The analysis of the change in system operation upon

the introduction of the CHP scheme's contribution, proceeds via
the formation of an intermediate load duration curve, as described

next.

By operating the site model on the site heat and power demands,
with an import/export electricity tariff, probabilistic density

functions of the CHP electricity output, P , are formed for each

CHP

hour of the 'typical' days. The intermediate load duration curve

F (LI) is formed for each hour by:

I
L
= L. =
Frlg) = . Fply#y) Popp(yddy Ly > Chyp
F = <
Fr(ls)d =1 L <Chpp
LI = LD - LCHP where CCHP = CHP capacity
LCHP = CHP power output.

The hourly intermediate load duration curves are then combined to

form an intermediate load duration curve for the day: the analysis then
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proceeds as before with the formation of the equivalent load duration
curve., The change in system expected running cost is the saving
attributable to the CHP scheme. If units are traded at system expected
marginal cost, the amount paid to the CHP scheme is equal to the change

in system expected running cost.

The definition of the effective load carrying capability (ELCC)
of the CHP scheme is illustrated in fig. A4.3. It is the change in

required installed system capacity to meet a given LOLP.

i.e., ELCC = CN' - CN where superscripts ' and '' indicate required
system capacities before and after CHP. y
1
-C
The MW/MW capacity credit therefore = ——6———E = %ng
CHP CHP

The ELCC may alternatively be defined as the change required to

installed system capacity to maintain a given EUSE.

The program is written in FORTRAN IV. Running times are very
sensitive to the complexity of the system description and the relative
sizes of the CHP scheme and system. Data input must include a

breakdown of plants giving capacities and availabilities, but some

aggregation is usually needed to .~educe running times to acceptéble

levels.
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APPENDIX 5

SYMBOLS AND ABBREVIATIONS

Global Symbols

Amin = Minimum Flow Area
Cal = Calorific Value of Fuel
Cena = Average ESI marginal unit generating cost {(running costs)
Cf = Cost of Fuel
Cmarg = ESI marginal unit generating cost (running costs)
dO = Tube ocutside diameter
f = fuel/air ratio
fs = stoichiometric fuel/air ratio
FOR = Forced Outage Rate
H = Heat Demand
Hc = Fraction of Fuel Input Energy to Coqlant
km = Multiplicative Facter for Maintenance Costs
L = Load Factor
Nu = DNusselt Number
P = Power (general)
Pa = Air Pressure
Pb = Back Pressure imposed on Turbocharger Outlet.
nax = Maximum power output
Q = Heat (general)
r = Recoverable heat to power ratio
Re = Reynolds number
Rm = Boost pressure ratio (ratio inlet manifold to ambient
pressures)
RT = Trapped air {fuel ratio

Sy = Longitudinal tube spacing
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Transverse tube spacing
Exhaust manifold temperature
Turbine outlet temperature

Gas temperature

wafer temperature

Airflow through the engine
Rate of fuel flow to the engine

Trapped airflow

Change in x

Afterfiring Efficiency

Auxiliary Boiler Efficiency

Fraction of fuel input energy to brake power

Fraction of fuel input energy recoverable as exhaust heat

(usually based on a boiler exit temp. of ZOOOC)
Fraction of fuel input energy to intercooler
Operating cost per unit of electricity génerated

Scavenge Ratio (ratio of total mass of airflow through

engine to trapped airflow)
mean of a normal distribution
Annual charge per installed kW of a generating plant

standard deviation of a normal distribution.
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Abbreviations 3
AGR  Advanced Gas Reactor
bﬁep Brake Mean Effective Pressure
BST Bulk- Supply Tariff
°ca Degreeg Crank Angle
CEGB Central Electricity Generating Board
CHP Combined Heat and Power
ELCC Effective Load Carrying Capability
ESI  Electricity Supply Industry
EUSE Expected Unserved Energy
eve Exhaust Valve Closing
evo Exhaust Valve Opening
FOR Forced Outage Rate
HfO Heavy Fuel 0il
IRR Internal Rate of Return
ive Inlet Valve Closing
ivo Inlet Valve Opening
LRMC Long Run Marginal Cost
NCB National Cocal Board
NESC Net Effective System Cost
NPW  Net Present Worth
rpn Revolutions Per Minute
SMD Simultaneocus Maximum Demand
SRMC Short Run Marginal Cost
tdc Top Dead Centre
Ton of 0il Equivalent

toe
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