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Summary

Electricity production with a number of generatorsin parallel creates the possibility of having a
high fuel efficiency and maximum power availability at minimum costs. This so-called cascade
approach ensures that the units are always running close to their rated load thus rendering
maximum efficiency and minimum maintenance costs. The amount of reserve power for
emergencies can be kept low with this method since failure of one unit affectsjust a small part of
the total power. Turbocharged reciprocating engines with per-cylinder fuel injection are very
suitable as prime movers in the cascade concept because of their high fuel efficiency and their
rapid response to load changes. Also, the cheapest available fuel can be used in case dual-fuel
engines have been ingtalled. The distributed character of engine-driven power plants removes the
need to install extensive electricity transmission lines and it allows the use of the heat released by
the process. The combination of benefits makes the cascade approach with a number of
generatorsin parallel the preferred way of generating electricity.

1. INTRODUCTION

Electricity isvital for modern economies. Most production processes, services and
househol ds permanently need electric energy and there is a direct link between wealth
level and electricity use. With respect to electricity generation, there has been atrend
towards increasingly large centra production plants. Larger plants tended to require
lower specific investments (€/kW) and gave a higher efficiency in converting fuel into
electricity. Larger plants could aso trade for lower fud prices because of the quantities
involved. With respect to reliability, relatively more efforts could be given to optimise
control and monitoring systems. Nowadays however, there is a trend towards amore
decentralised generation of electricity.

Decentralised, or distributed, electricity generation appears to have many
advantages over large central generation. With smaller generating units close to other
economic activities, much more possibilities exist for using the heat released by the
process. That is not only adirect money generator but it also removes the
environmentally undesirable and costly need to use cooling towers or to rel ease the heat
toriversand lakes. Distributed generation - that means producing the electricity where it
Is needed - al so decreases the investmentsin high-voltage transmission lines. The specific
investment in such lines often equals that in power stations. Moreover, modern smaller
generating units in the power range between 500 kW and 20 MW have an excellent
performance and a good reliability. The evolution in sophistication, reliability and costs



of control equipment gives smaller units avery good controllability in power and
frequency. Decentralised generation has a short lead time because of standardised
equipment, easy planning and little impact on general spatia planning.

This paper explains why decentralised electricity production with alarger number
of generating setsin parallel has many advantages over central electricity production.
With the so-called cascade approach, the combined conversion efficiency will always be
close to the maximum value, irrespective of the instantaneous power demand. Moreover,
the combined reliability and availability is much higher than that of central power plants.
Also the stability of the frequency and the voltage will be high. Optimum flexibility
exists since in case of structural changesin power demand, units can quickly be added or
removed. Maintenance activities will hardly affect the power capacity and availability
since it can be carried out on the individua unitsin a sequential schedule. In summary,
the cascade concept of running multiple modular engine-driven generatorsin parallel
satisfies all the needs for modern electricity generation at generally lower costs than
central generation.

2. EFFICIENCY

With the cascade concept, a number of engine-driven generators, each with a
power capacity in the range from 2 MW to say 20 MW, is combined to run in paraldl. It
isimportant that the fuel efficiency of each individual generating set is high since the
combined efficiency can never be higher than that of an individual unit. That is the reason
that turbocharged reciprocating engines are the primary choice as prime mover here.
Figure 1 gives the curves for the eectrical efficiency versusload for a spark-ignited gas
engine (SG) and for a pilot-injection gas engine (DF). Both engines have turbochargers
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Figure 1. Example of net electrica efficiencies of generators driven by reciprocating gas
engines.

to boost power and efficiency and they run on lean mixtures of fuel gasand air. This
concept ensures that the efficiency is fairly constant in the upper load range. Thisis



already an advantage compared to central generation. If the heat released by the engines
Is used, the combined efficiency can approach 90%.
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Figure 2: Example of 10 identical generator setsin parallel.

An example of 10 units with each a power capacity of 17 MW will be used for
describing the effect of load on the combined efficiency of a number of generatorsin
paralld (seefigure 2). In some cases, as many units as available can runin paralel to the
grid at full power and consequently at maximum efficiency. If however the power
demand is changing, the output must be adapted. As soon as the total |oad can be carried
by less than the number of running units, one or more units can be switched off. That
means that the load of each individual unit will stay closeto the rated value and
conseguently the conversion efficiency will always be close to the maximum vaue. The
control system hasto avoid atoo frequent switching off and on of the units since that will
negatively affect the efficiency and wear rate. Figure 3 illustrates how the efficiency of
converting fuel energy into electricity varies with power output. This method of
switching on and off individual units depending upon power demand is called cascading.
Cascading is positively affecting the fuel efficiency, especially compared to running a
large power plant at reduced load.
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Figure 3: Fud efficiency of 10 individual generator setsin a cascade system (example:
100% load is 170 MW).

3. VOLTAGE AND FREQUENCY STABILITY

Every generator set, beit small or large, shows some natural process variations
resulting in instantaneous power variations. The background can often be found in
stochastic variations in flows and combustion processes. The combination of arotating
machine and a synchronous generator connected to an electricity grid can be seen asa
mass-spring system with anatural frequency. This natural frequency generally lies
between 2 and 5 Hz. Generators have so-called damping cages to avoid excessive
resonance at the natural frequency. Too much variation in instantaneous power of a
generator can negatively affect the voltage and frequency stability of an electricity supply
network. It should be stated that multi-cylinder engines with prechamber ignition or pilot
injection can be very stablein power output.

With alarger number of individual generatorsin parallel, the stochastic variations
of each individual generator will largely be levelled out because of their inherent
independence. It can be proven statistically that the combined relative instability Scombined
of nunitsin parale equalsthe individual relative instability Sndgiviqua divided by  n.
Figure 4 isillustrating the mechanism. Ultimately, a combination of alarger number of
smaller generators will have a better stability than just afew large generators connected
vialong transmission lines.



2 LARGE POWER PLANTS N INDEPENDENT UNITS

B 3,2— . ,\
_ combined . combined
. - 2
yaN /Sl L\
'/ol,s \‘ ,/'j.s \~<
‘ ‘ .—f/ o \7.~ ‘ ‘ ‘ ‘ ,—"" j o \ ~‘~‘.._ ‘
Combined instability: S1/ 2 Combined instability: S2/ Cn

Figure 4. Comparison of the stability of a number of smaller generatorsin paralel and
that of afew large generators.

A good step-response capability of generator sets will have a positive influence on the
stability of an electricity grid. Variationsin load of agrid will affect the voltage and the
control system of the generator will react in changing the magnetic flux. That will change
the torque required from the driving engine. Consequently the power setting of the engine
has to change in order to maintain the running speed, and viathat the frequency, at the
desired value. Gas engines with per-cylinder gas admission via electromagnetic valves
can have avery rapid response to load changes so that the driving power will be restored
to the required value within afew shaft revolutions [1]. With such an adequate response,
small generators can contribute to high a stability of the eectricity grid.

4. CAPITAL COSTS

The modular and standardised design of smaller generating sets makes them very
competitive compared to individual large power plants. Specific investments range
around US$ 500 /kW, depending on the requirements. Moreover, asmaller footprint of an
installation drastically reduces the planning formalities. These factors contribute to a
much shorter lead time of power projects and therefore also reduce the capita costs. The
specific investment linearly affects the capital costs per kWh. Under the presumption that
the technical life of a generating unit is higher than its economic life, the number of



running hours per annum is not noticeably affecting the durability of an installation. A
very important factor determining the capital costs per kWh is the relative number of
running hours. If aunit is running only 50% of the time, the capital costs are doubled
compared to running close to 100% of the time for the same load.

In an example, we presume an interest rate of 10 % and a depreciation time of 10
years. Then, the specific capital costs for an investment of € 500/kW will be roughly (25
+ 50)/8600* 100 = 0.9 cents/kWh if the unit is running 8600 hours at full load per year. If
the unit is only running 4000 hours a year at say 80% load, the specific capital costs are
(25 + 50)/4000* 100/80* 100 = 2.4 centskWh. In the trading process, an el ectricity
producer can try to receive a higher price for so-called peak |oads which appear only part
of the time. With agood price per kWh, peaking power plants with relative low capital
investments can be very profitable. Nevertheless, the example together with figure 5
illustrates that more running hours for a given investment will reduce the specific capital
costs. The modular approach of a cascade system is very helpful in this respect: the
power capacity can easily be adapted to the desired value. Overcapacity can physically be
moved to another place where more power is needed since the units are transportable.
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Figure 5: Example of the effect of operating hours and load on the specific capital costs.
5. RELIABILITY AND AVAILABILITY

Electricity users demand a high degree of availability. Having no el ectricity for
e.g. more than 2 hours per year is already seen as areal nuisance. Two hours per year
outage can be expressed as an availability of 99.98%. Power plants, be they large or
small, al need maintenance which reduces their availability to may be an average of



96%. Sometimes accidents occur, caused by failure or human error, resulting in much
longer downtimes. Although it can be tried to schedule maintenance at a time when the
demand islow, thereis still extra power capacity needed for scheduled stopping. If the
electricity supply system is based on large power plants, much spare capacity is needed
for scheduled maintenance even if it takes little time. With many smaller unitsin paralld,
scheduled maintenance can be carried out sequentially so that much less spare capacity is
needed.

Thereliability of individual electricity generating units can never reach figures
such as 99.9 %. The reason is that such sets consist of many interacting components with
afinite life and with sensitivities to breaking down. Costs prohibit the production of
components of an infinitely high quality. That is why electricity producers have agreed to
have a spinning reserve in order to be able to compensate for atrip of alarge power plant.
The larger power plants will be, the more spinning reserve has to be present. This means
that much capacity will run at alow load and consequently at alow fuel efficiency. With
many smaller units running in parallel, failure of one unit just slightly affects the load of
the other units. If for instance a combination of 10 units has to be able to carry the total
load of a sensitive application even when one unit fails, the units should normally run at
90% power. In that case the specific capital costs and fuel costs are still low. If however
the same job has to be done with just 2 units, they have to run constantly at 50% |load thus
drastically increasing the specific capital and fuel costs. The cascade system with many
smaler unitsin parald clearly has advantages with respect to availability and reliability.
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Therdliability and availability is further improved if one generating unit will act
asaso-called fore runner. In this case, the control strategy gives preference for one unit
to make noticeably more running hours than the others. Any typical wear patterns or
design imperfections will be detected in an early stage on that particular unit. Close co-
operation with manufacturers will improve the learning process. Consequently, measures
can be taken with the remaining units to avoid a breakdown. It is aways wise to have one
unit with arelatively low amount of running hours. This unit can act as the primary back-
up machinein case of emergencies.

6. FLEXIBILITY

With cascade systems based on modular units, adding or removing capacity is no
problem, as has been explained earlier. If the modular units are based on reciprocating
engines, even much flexibility existsin fuel choice. In case extra generating capacity is
quickly needed but a planned gas pipeline system is not ready yet, reciprocating engines
can first run on light or heavy diesel oil, and even orimulsion®, by installing fuel
injectors. Dual-fuel engines have been designed in such away that they can switch over
from natural gasto diesel fuel under full load in case of failure in gas supply. This
flexibility largely increases the possibility for running on the cheapest fuel available. It
also makes the generation company aless captive customer from one fuel supplier.
Figure 7 summarises the flexibility advantages of cascade systems.
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Figure 7: Summary of the flexibilities of cascade power generation.

7. MAINTENANCE

Maintenance costs can be kept low with standardisation, regular working hours,
local personnel and a good partnership with the supplier. With standardisation, the
mai ntenance crew does not need to have expertise in different makes and systems. They



can concentrate on the optimisation of just one type. Standardisation also drastically
reduces the need to store many different spare parts with many risks of intermixing. The
amount of spare parts can much better be optimised with many identical generator setsin
paralld, than in case just one or two units have been installed. The learning process for
the crew is a'so much better when they can constantly work on identical systems.

Scheduled and non-scheduled maintenance of generator sets might take up to 4%
of the time; this converts to an availability of 96%. That is generally the worst case
associated with anew design. If theinitial problems of a new design have been solved, a
better availability will result. Thisistrue for large power stations as well as for smaller
units. If we presume that scheduled maintenance has to be carried out during 3% of the
time, thiswill allow the maintenance crew to handle all units of aset of 10 in normal
working hours. That not only reduces the costs but it also hel ps to improve the quality of
mai ntenance because of the more relaxed and dedicated approach. The direct avail ability
of spare parts will also reduce the waiting time. Ultimately, the availability and reliability
will benefit from this approach.

Maintenance of reciprocating enginesis normally carried out in a schedule based
on the amount of running hours. Since the time of running at lower loadsis negligible
with the cascade concept, the costs of maintenance per kWh isrelatively low. Running at
areduced load increases the specific maintenance costs linearly. Reciprocating engines
show hardly additional wear from stopping and starting if the frequency is not excessive.
It istherefore also quite economic from a maintenance point of view to shut down a unit
if itisnot required to run.
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Figure 8: The process of continuous product improvement.



Generator sets driven by reciprocating engines can be maintained by mechanics
having a basic technical education with an additional training for the specific equipment.
No unigue and highly paid personnel isrequired as in case of many alternative
technologies. This means that local people can generally be trained to do the job. This has
positive effects for the community as well as for the economics of the power plant.

Operation of alarger amount of identical units makes the site also interesting for
the suppliers of the equipment. Much experience can be gained from following the
performance of units under close to identical conditions. This can lead to effective
product improvement via a close co-operation between users and equipment
manufacturers. Such a business partnership will positively affect the stake holders
involved. Figure 8 illustrates the process for the related product improvement.

8. ENVIRONMENT

The impact of a power plant on the environment is becoming more and more an
issue. Fuel consuming installations have to comply with stringent rules because of
increased awareness of health issues, global warming and quality of living. Legislation
has been developed for e.g. greenhouse gas emissions, transboundary emissions such as
NOx and SOx, particulates aswell as noise. In case a power plant has relatively low
emissions, this creates economic benefits from mechanisms such as national and
international emission trading. Moreover, a cleaner power plant will be more easily
accepted by the community.

The permanent high fuel efficiency and the maximum use of the fuel energy in
case of cogeneration makes the cascade approach attractive with respect to greenhouse
gas emissions. The NOx emission of natural-gas-fuelled enginesisin full compliance
with the legislation. The SOx and particulates emissions are negligible for natural gas.
Sound attenuation is fully state of the art with modern enclosures and dampers.
Distributed generation is therefore an acceptable option when emissions are considered.

The smaller size of power plants for distributed generation reduces the actual and
visual impact on the environment compared to large central plants. Thisis of benefit
especially in densely populated areas and in areas of natural beauty where large power
plants would act as large single-point emitters and negatively dominate the view.

9. IN CONCLUSION

Distributed electricity generation with a number of modular generator setsin
parallel operating according to the cascade concept combines a high efficiency with
maximum reliability and low specific investments. This makes the cascade concept
economically very attractive. The modular design simplifies the adaptation of the power
capacity to the demand. With reciprocating engines as prime movers, high fuel flexibility
exists resulting in more independence from fuel suppliers.
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