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l. Introduction

LOCUS, for LOcal Cogeneration Utility System,
has been adopted in Denmark as the name for
energy systems with certain properties with
respect to regulation of electricity and heat
production from several energy sources, in
particular renewable resources and natural gas.
The name was originally used to label a com-
puter program designed by the author of thisg
article to compute energy balance accounts and
required component capacities for such systems.
This LOCUS-program is available at Aalborg
University, Institute of Development and Plan-
ning.

A distinction is made between LOCUS-plants and
LOCUS-systems. A LOCUS-plant is a cogenaration
plant that may consist of engines, heatpumps,
boilers and heat storage tanks as shown in
principle by fig. 1 and in more detail by figs.
2 and 4. A LOCUS-gsystem may consist of several

LOCUS-plants, belonging to towns and villages
within a certain region. The plants within such
'a system are assumed to be interconnected
through the electric grid and the requlation of
the power generation of each plant is assumed
to be subject to rules designed to optimize the
performance of the system. These rules consti-
tute a hierarchical structure of LOCUS-systems
with respect to regulation of electric power
generation. Such a hierarchy is shown in prin-
ciple by figs. 5 and 6.

A LOCUS-plant can, of course, be designed for
heat preduction to a district heating system
alone. Because its thermodynamic efficiency
with respect to utilization of fuel resources
for low-temperature heat production is higher
than that of an ordinary boiler, fuel Cconsump-
tion may be reduced by about 50 percent by
replacing a boiler with a LCCUS-plant. For
environmental and economic Teasons improved
energy conversion systems should, however, be
designed to minimize the overall consumption of
fossil fuel for heat and electricity generation
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in an economically optimal manner., In order to
achieve this aim cogeneration of heat and elec-
tric power should be adopted as a general prin-
ciple for the development of advanced heat
production techniques.

ELECTRIC POWER L

POWER

ENGINE

Effect

/L

WINDPOWER ELECTRIC OUTPUT:P

LOCUS
SYSTEM

Fig. 1. LOCUS-plant, principle. A LOCUS-plant
composed of an engine, an electric¢ motor/gene-
rator and a heatpump and equipped with the
necessary heat-storagetanks provides enhanced
possibilities for regulation of simultanecus
thermal and electric output-effects.

Time
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The LOCUS-plant concept has primarily been
developped to facilitate efficient utilization
of windpower in combination with natural gas,
biogas and other renewable or non-renewable
fuels. The heat-storagetanks required for the
Iregulation of the heat-output effect from a
LOCUS~plant do, however, readily enable the
integration of solar collectors into a LOCUS-
plant as described in section 2.1 below.

2, Technical Description

The technical concept of a LOCUS-plant is shown
in principle by fig. 1. The general purpose is
to facilitate regulation of the simultancus
electric and thermal ocutputs according to the
actual wvariations in heat demand and the desi-
red wvarlations in electricity-production from
the plant. If the plant is partly driven by
windmills 1t may, therefore, be necessary at
times partly tco convert the windpower-effect to
thermal effect. This is done by increasing the
electric power-input to the heatpump-compressor
when the electric cutput-effect from the plant
exceeds the desired wvalue w . At the same
time the engine-load w mugE” of course, be
adjusted according to tH& equation:

W =W -W W

=ng prod wind h.pump
In this equation w iz the scheduled elec-
tric output-effect®™and w g 18, maturally,
exogenously determined. w' - and w are

thus the two effects tha¥ may cliffently be
regulated in order to balance the above elec-
tric output equaticn while at the same time
ensuring that the regquired thermal output ef-
fect can be delivered.

Because the wvariations of the input-effects
from the energy sources generally will be out
of step with the required wvariations of the
output-effects from the plant, a certain energy
storage capacity within the plant is required.
For the first generation of LOCUS-plants this
storage capacity is aobtained by water tanks for
heat storage only. This i1s because storage of
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electrically transmitted energy at a larger
scale is not yet economically feasible.

The thermal energy production from the heatpump
over a certain period of time is determined as
the total heat demand from the plant over that
period minus the thermal output from the engine
when both the scheduled electric cutput and the
required heat output 1s to be delivered. The
proportion of the heat production delivered
from the heatpump determines the wanted tempe-
rature-increase of the district-heating water
ags 1t passes through the heatpump«system, see
fig. 3. When the steering-program shall also
comply with the electric cutput-regulations it
can, however, not be assured that the engine
supplies 1ts thermal ocutput-effect in step with
the output-effect from the heatpump, although
the integrated wvalues of the two thermal out-
put-effects over the considered period of time
are in accordance with the heat demand in that
period. It is therefore necessary to introduce
separate heat storage tanks for the heatpump
and the engine respectively as shown by fig. 2.

In most cases the plant will also comprise a
boiler to cover peak heat demand and to ensure
that the required thermal effect can be deli-
vered even when the scheduled combined. produc-
tion from the engine and the heatpump falls to
fulfil the requirements. The hoiler may be
equipped with a separate heat storage tank, as
shown by fig. 2, or it may share the high-tem-
perature storage tank with the engine.

The systems description of a LOCUS-plant natur-
ally appears as two separate descriptions of
the thermal energy-transmission system and the
electromechanical power-transmission system
Tespectively. The thermal system is shown by
fig. 2 and the electromechanical system by fig.
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Fig. 2. LOCUS-plant, thermal c¢ircuits. The
flows through the medium-temperature storage-

tank and the heatpump-katchtanks respectively
is regulated in such a manner that the tempera-
ture T. is kept constant at the preset wvalue
{see fig. 3). The outlet temperatures T, and To
Erom the engine and the boiler respectively are
kept as high as possible {about 920°C) in order
to maximize the heat storage capacity of the
high-temperature storagetanks. The pump+valve
P2 regulates the circulation through the me-
dium- and high-temperature storagetanks so that
the outlet-temperature T, to the district heat-
ing network is kept at the required value.
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2.1 The Thermal System

The thermal system consists of three parts:

- a heatpump-system {shown to the right in fig.
2) which preheats the water to the appropriate
temperature {see fig. 3). The thermal energy
from the heatpump-system may partly be stored
in the heatpump-storagetank.

- an engine with one or more cooling circuits,
depending of the type of engine in qguesticn
(piston-engine, gasturbine, Rankine-type steam-
engine, Stirling-engine, fuelcells or a com-
bination of such motors). The thermal energy
from the engine may partly be stored in the
engine-storagetank.

- a boiler, which may either be equipped with
its own heat-storagetank or share storagetank
with the engine.

In addition to the primary exhaust-gas cooler
attached to the engine a secondary exhaust-gas
cocler is applied to preheat the return-water
from the district heating network. A tertiary
cocler may be applied for further cooling of
the exhaust-gas by means of water circulated
through a low-temperature heat-storagetank.
This tank is then used as a reservoir for the
heatpump, see fig. 2.

A substantial improvement of the thermodynamic
efficiency of the plant can be obtained by
replacing the primary exhaust-gas cooler with
an absorption-heatpump.

Although the LOCUS-plant is not primarily de-
signed for wutilization of solar collectors
these may readily be integrated in the plant
in an efficient manner. When a solar collector
is attached to a LOCUS-plant it should be can-
nected through three circuits: one, passing
through the low-temperature storagetank, to be
activated at low solar influx rates in pericds
when the heatpump is being used; another, pas-
sing first through the heatpump-storagetank
and thereupon through the low-temperature sto-
ragetank, to be activated at higher solar in-
flux rates in periods when the heptpump is
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being used; a third, passing only through the
h?atpump—stnragetank1 to be activated in pe-
riods when the heatpump is not being used.

JllT
Ty
Forward
Ty
T
Return .
[ Heatpump T Engine —=
H
Hy H, Hy
Enthalpy

Fig. 3., bistribution of heat-production between
heatpump and engine (+boiler). It is impertant
for the efficient operation of a LOCUS-plant,
that the outlet-temperature T. from the heat-
rump-system {see fig. 2} cover a certain periocd
of time corresponds to the proportion of heat
fenthalpy} delivered by the heatpump to heat
delivered by the engine {+boiler), i.e.

IT.'E-TI}..{‘TJ_T.{] = {Ha‘Hl}f{Ha“Hz]

The appropriate value of Tz sheould thus cur-
rently be computed from the required outliet-
temperature T, from the plant {see fig. 2), the
expected return-temperature T, and the planned
production by the engine and the heatpump re-
spectively during the period.
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In order to obtain maximum thermodynamic ef-
ficiency of the heatpump a batch-heating system
with two batch-tanks is applied as indicated in
fig. 2. The principle of the batch-system is to
let the heatpump-condenser gradually heat one
batch of water as it circulates at a high flow-
rate in a circuilt through the batch-tank and
the condenser. In this manner the condenser-
temperature increases gradually as the water is
heated instead of being constant at the tempe-
rature corresponding to the outlet-temperature
from the heatpump-system. Whenever the tempe-
rature aof the one batch-tank which 1s presently
being heated exceeds the temperature at the top
of the other tank, which is simultanously being
emptied for heated water, the two tanks are
automatically shifted. In this way the outlet-
temperature from the heatpump-system 1is cur-
rently determined by the flow through the heat-
pump-system and the effect from the condenser.
The desired outlet-temperature T from the
heatpump-system, see fig. 2, can fhus be con-
trolled by the valve V3 and the pump+valve Pa.
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Fig. 4. LOCUS-plant, electromechanical system.
The tcotal electricity production w, from the
plant and the attached windmills can be regu-
lated by means of the engine-load regulator Fua,
which sets wa., and the mechanical valiator,
which allows the rotational speed and thereby
the mechanical lecad w. on the heatpump-compres-
sor to be varied. :
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Only when there is no heated water left in the
heatpump-storagetank and it therefore cannot be
ensured that the desired wvalue of T can be
obtained the full flow of water will be direc-
ted threough the heatpump-system, i.e. the flow
through the heatpump storage tank will be zero
in that situation.

2.2 The Electromechanical System

The electromechanical system is shown in prin-
ciple by fig. 4. The heatpump-compressor shaft
is connected to the engine-shaft and the elec-
tric motor/generator shaft respectively through
a mechanical wariator in order +to enable +the
regulation of the heatpumps thermal effect by
regulating the rotational speed of the compres-
sor. The engine as well as the electric motor/-
generator may be deccupled by means of the
shown electromagnetic clutches. :

The shaft-effect from the engine may thus be
Zero or assume any value between minimum and
maximum load effect as regulated by the fuel
supply regulatorx EE.

The shaft-effect - positive or negative - to
the electric motor/generator is determined by
the shaft-effect from the engine and the rota-
tional speed of the compressor which determines
the input-effect to the compressor under the
actual thermal conditions (condenser-tempera-
ture and evaporator-temperature mainly).

Consequently, the electric output-effect from
the plant - positive or negative - can be regu-
lated within certain limits by regulating the
engine-load and the rotational speed of the
COMPressor . -

3. Technological Stage of Development

A LOCUS-plant can be built from component al-
ready commercially available. Five similar
plants comprising engines and heatpumps have
been in operation in Denmark for some years
(see section 11 below) and several engine/heat
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Fig. 5. LOCUS-system. With respect to regulation of electric
effects transmitted through a regions common grid the LDCQS—d
plants in the villages and towns of that region can be organlzi
in a hierarchy that facilitates the efficient operation of the
system as a whole. See also fig. 6.

pump-plants are found in other European coun-
tries, mwainly in the Federal Republic of Ger-
many.

The technical problems still to be solved have
to do with technical improvements of some hard-
ware-components and, mainly, with the develop-
ment of appropriate steering and regulation
programs for automatic control of flows and
effects. In a broader technolegical sense the
main problem is to develop rational methods
for the planning and design of regional LOCUS-
systems (sée fig. 5) in such a manner the over-
all efficiency of resource-utilization is op-
timized with respect to environmental protec-
tion, resource-depletion and economy .
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Fig. 6. Hierarchical requlation of power gener-
ation. By regulating the local elaectricity
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rarchy.



-541-

District Heating Catalogue of Advanced Date: May 1988
Heat Froduction Technologies

Technology: Cogeneration, LOCUS-systems Page: 11

Concerning hardware-improvements efforts should
be made to develop more efficient heatpump-
evaporators with the atmosphere as the heat-
reservoir. The energy-consumption for ventila-
tion of these evaporators should be reduced by
improved aerodynamic design and by taking ad-
vantage of the vertical pressure gradient cau-
sed by the cooling of the air.

Concerning the development of steering and
regulation programs a soclution is offered by
the LOCUS-computerprogram. This program defines
the optimal steering-algorithme for a given
pPlant equipped with thermal and electromechani-
cal regulators as shown by figs. 4 and 6, as-
suming that the gquantity and wvariations over
the conslidered period of time of the following
four wvariables are given: 1) available fuel
resources(if limived), 2) windpower-effect, 3)
required thermal output and 4) scheduled elec-
tric output are given. If fuel resources are
limited the program will determine the electric
output according to this limitation. If fuel
consumption is unrestricted electric output may
be chosen as the free variable which determines
fuel consumption for the given windpower input
and thermal output. The program does, of cour-
se, require data that specify all relevant
technical parameters for the components of the
plant.

In actual practice the problem is to schedule
the electricity production for a certain pe-
riod, f.ex. the next 24-hours, given a prog-
nosis for windpower, heat demand and - in case
of limited fuel-resources - the available en-
gine-fuel. Because of the discrepancies between
these forecasts and the real development it may
turn out that scheduled electricity production
cannot be achieved because the heat-storage-
tanks are ,emptied or storage capacity is ex-
hausted. Therefore the production schedule must
currently be revised with respect to the actual
state of the system and the newest Prognosis
for the exogenously determined effects.

In Denmark the solution of this production-
scheduling problem is sought through a project
carried out by the firm Innosys, Consulting

-
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Engineers, Copenhagen. The project is financed
by the Danish Technclogy Council under the
Ministry of Industry.

A different problem is, of course, to decide
the capacity of the different components of a
LOCUS-plant in such a manner that the plant can
perform optimally as cogeneration-production
unit in the planned development of an effi-
cient, regicnal energy-system. The LOCUS-com-
puterprogram also offers a solution to this
design problem. The input-data to the program
specify for each month of the year the produc-
ticn-schedules, resource-prognosis, tempera-
tures of the district-heating supply and
heatpump-reserveirs and wvalues of a number of
other exocgencusly determined wvariables toge-
ther with the relevant technical performance-
parameters. 0On the basis of these data the
program will compute the required capacities of
the engines, heatpumps and heat-storagetanks

"for each of the LOCUS-plants in a regional

LOCUS-system taking the electric power-trans-
mission between the plants into account., The
program thus facilitates detailed analysis of
the investments reguired to implement a regio-
nal energy-system under certain reguirements
with respect to utilization of local energy
resources and regulation of heat- and electri-
city-production.

In summary it may be concluded that the hard-
ware-components of LOCUS-plants belong to class
A or B, i.e. they are commercially avaialable
cn the market but further development of the
performance and improvements of their longterm
durability is expected. Concerning computer-
programs for the methodological design, steer-
ing and regulation of LOCUS-systems and -plants
the LOCUS-program is offered as a design tool
while steering-programs for the practical oper-
ation of the plants are being developped.

4. Possibilities for placing

As mentioned in the introduction LOCUS-plants
should be conceived of as integral components
of efficient, regional energy systems bhaged on
cogeneration of heat and electric power. LOCUS-
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plants should therefore be considered as the
presently most efficient, flexible energy sup-
ply systems for small and medium sized towns
in the temperate climate zones where the heat
demand from district heating systems in the
cold season is relatively large in proportion
to the power demand. Because of their ahility
to adjust their electric power-output to varia-
tions in demand the larger LOCUS-plants located
in medium sized towns can, as shown by fig. 6,
serve as swiftly adjusting peak-load units to
help levelling out the demand from the large,
base-load steamturbine plants located at the
large cities.

5. Energy relevant conditions

A conventional boiler-plant operates with so
large temperature-differences between the com-
bustion chamber and the water to be heated that
the thermodynamic efficiency of the district
heating system is quite insensitive to the
temperature-level of the district heating net-
work. In contrast the efficiency of systems
supplied from LOCUS-plants with heatpumps
and/or steam-engines that generate heat from
condensers are very sensitive to this tempera-
ture level. In order to achieve maximum ef-
ficiency, i.e. to minimize the resources needed
to fulfil the given demands, the temperature
level 1in the district heating system and in
particular the return temperature to the LOCUS-
plant should be kept as low as possible. There
are two ways, mainly, to lower the temperature
level: 1) to improve the weathering of the
buildings supplied from the district heating
system and 2) to increase the areas and/or the
heat transmission coefficients of the radiators
in these buildings.

It shall also be mentioned that heatpumps

should only be applied in a regional energy
system at times when the proportion of heat
demand to electric power demand is so high that
the power production from the engines and
steamturbine cogeneration plants that generate
heat for district heating plus the wind-gene-
rated power exceeds the current power demand.
Otherwise the system efficiency will be reduced



-544-

Digtrict Heating Catalogue of Advanced Date: May 1988
Heat Production Technologies

Technology:

Cogeneration, LOCUS-systems Page: 14

because extra electric power is generated to
run heatpumps. This excludes heatpumps as a
component in energy systems where +the power
demand is high in proportion to heat demand in
all seasons.

6. Financial relations

The price of a LOCUS-plant depends, of course,
of its size, composition and the demands for
output-regulation capabilities. The economy of
such plants can therefore only be evaluated in
the context of a comprehensive enargy plan
designed +to help overcome the environmental
problems and the resource-depletion problems
inherent 1in +the present energy systems. The
economic assessment should be made by comparing
LOCUS-systems to systems with the same environ-
mental properties concerning air-pollution,
Coz-production and deposition of waste mate-
rials.

7. Employment possibilities

Generally speaking construction of more effi-
cient energy systems as LOCUS-systems involves
employment of a larger work force than the
construction of less efficient systems. This is
hbecause the larger investments in the more
advanced, efficient systems are substituted for
the higher rate of rescurce depletion in the
less advanced and less efficient conventional
systems.,

8. Environmental conditions

Development of more efficient energy systems is
an absolute precondition for the solution of
the environmental problems caused by the exces-
sive consumption of non-renewable, fossil fuel
rescurces In the iIndustrialized countries and
the global distribution problems connected
with energy supply. The development of LOCUS-
systems may contribute to enhance energy con-
vertion efficiency in some countries and to
facilitate efficlent utilization of renewable
energy resources at the game time.
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9. Combination possibilities

It will already have appeared from the descrip-
tion of LOCUS-systems and -plants that they are
designed for combined utilization of several
renewable and non-renewable energy sources in
an efficient manner: windpower, biogas and
other blomass-fuels, natural gas etc., and that
also solar collectors may be integrated in
LOCUS-plants.

10. Example of calculation

Several calculations of LOCUS-systems and
LOCUS-plants designed for different locations
in Denmark have been performed by means of the
LOCUS-computerprogram.Space does not, however,
allow the presentation of results in this ar-
ticle,

The program was developped in 1986 to meet the
needs for detailed systems analysis and plant-
design in connection with the development of a
regional energy plan for the County Council of
the Danish island Bornholm in the Baltic Sea.
The program has since been used to compute
monthly and annual energy balance results and
the needed capacities of engines, heatpumps and
storagetanks for biogas-and windpower-driven
LOCUS~-plants required to fulfil certain speci-
fications with respect to Tegulation of power-
and heat-output over 24-hour periods.Further
development of the program tock place 1in con-
nection with feasibility studies concerning a
propésed LOCUS-plant at Nibe, Northern Jutland,
undertaken by the utility companies of Western
Denmark {(ELSAM).

11. Existing plants

Biogas-driven engine/heatpump~cogeneration
plants with attached windmills for district
heating and electricity production were built
in three villages in Northern Jutland, Denmark,
during the vyears 1984-1987. The plants are
ownad by the following local enargy supply
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companles:

V.Hjermitslev Energiselskab
c/o Ib Telwving :
V.Hjermitslev

DK-9700 Br¢nderslev

Vegger Energiselskab
c/o Orla Christensen
Vegger

DK-9240 HNibe

Skovsgaard Energiselskab
c/o Tage Mgller
Skovsgaard

DK-9460 Brovst

The plant in V.Hjermitslev was redesigned and
reconstructed in 1988 to improve its perfor-
mance. The plant in Vegger has not yet been in
regular operation because of insufficient gas-
supplies from the biogasplant.

A an engine/heatpump-plant fueled by natural
gas has been in operation for a couple of years
in the small town Ejby on Funen, Denmark. This
plant is operated by

Innosys Aps. Consulting Engineers
Hejmdalsgade 14
DK-2200 Copenhagen

Although these four plants comprise all the
components of a LOCUS-plant they have not been
designed to comply fully with the presumptions
made in the LOCUS-program with respect to ef-
tfect~control capabilities.

An oil-fueled plant will be built in the town
Ergskgbing on the island Ere¢ this year. It will
be operated by

Erg¢ Andelsenergi
DK-5970 Er¢skebing

A biogas-fueled plant has been designed to be
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built in Aakirkeby on the island Bornholm by

Aakirkeby Kommune (municipality)
DK-3720 Aakirkeby

but a final decision to build this plant has
not yet been reached.






