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Analysis of the integrated development of electricity, natural gas and
district heating sectors is highly relevant in Central and Eastern Europe-
an countries, because in this region natural gas and district heating sec-
tors are well developed in addition to the electricity system. The focus of
this paper is on the Lithuanian energy sector.

The paper presents the bottom-up modelling of district heating net-
works within a model that simultaneously handles the electricity network.
This permits an integrated representation of the (international) electricity
system and details of local heat supply systems. The basis for the model-
ling was the Balmorel model, which was created for analysis of electricity
sector development under liberalized market conditions. The paper pre-
sents the modification with an additional module which allows a descrip-
tion and analysis of energy transmission networks in more detail. The
new module characterizes each segment of a network by a few basic
technical-economical parameters.

The model estimates the economics in installation of new and reno-
vation of old district heating network capacities, construction of new heat
production sources, variation of final consumer’s demand and scenarios
of building renovation (the latter feature is very relevant for CEE coun-
tries). The paper presents an analysis of the Lithuanian situation, with an
emphasis on the district heating sector. Various scenarios for the develop-
ment of a small local energy supply system are described and analysed in
relation to business as a usual situation: decentralization of generation,
new heat sources in existing district heating networks, new cogeneration
plants, introduction of heat storage and energy saving at the consumer
nodes.
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1. INTRODUCTION

Lithuanian energy systems are well developed, but the-
re are a number of serious problems due to the tran-
sition process from the planning economy to a liberal
market. Lithuanian electricity and heat demand dec-
reased radically during the last 15 years: power de-
mand from 12.74 TWh (1990) to 7.94 (2003) TWh,
and heat demand from 26.5 TWh (1990) to 11.3 TWh
(2003) [1]. This resulted in a reduced efficiency of
energy supply and more complicated operating regi-
mes of the systems. In addition, Lithuanian Govern-
ment undertook obligation to shut down the Ignalina
Nuclear Power Plant till 2009, since Western experts
are of the opinion that RBMK type reactors are un-
safe. The Ignalina NPP is the main electricity genera-

tor in Lithuania (15.48 TWh in 2003) and covers about
80 percent of Lithuanian electricity demand, inclu-
ding all export (7.53 TWh in 2003) [1]. After decom-
missioning of the NPP the need for electricity should
be covered by other plants, and a significant growth
in natural gas import is possible after 2009 [6]. Rus-
sia is the exclusive energy (natural gas, heavy fuel oil,
nuclear fuel) supplier to Lithuania, and securing the
energy supply is a serious problem. The process of
reorientation of the energy market was quick, and
the energy supply system fell behind in the process.
A number of problems exist in all energy supply sec-
tors, such as generation overcapacity, high centraliza-
tion; they are, obsolete and not environment-friendly,
overcapacity transmission lines as well as the demand
side installations not being flexible enough [5].
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The district heating (DH) sector is widely develo-
ped in Lithuania. There are about 50 DH companies,
including about 180 separate district heating systems
(DHS), which cover about 50 percent of the total
heat market in the country and about 70 percent of
the heat market in the cities. Unfortunately, the tran-
sition period was very complicated for the Lithuanian
DH sector, since fuel prices increased and heat de-
mand decreased dramatically. Therefore the DH sec-
tor is inefficient and low-competitive at present.

Energy transmission networks together with fuel
extraction, transformation (generation) and consump-
tion installations constitute the basic part of modern
energy supply systems. District heat transmission and
distribution networks are widely developed in Cen-
tral and Eastern European countries; however, they
usually do not meet modern requirements. Excess
capacity in district heating pipelines together with
poor insulation determines high losses in heat tran-
smission and distribution. The situation is more com-
plicated due to very poor insulation and inefficient
heat supply systems inside buildings. As a result of
the mentioned problems, DH systems are low-com-
petitive and a significant number of the end consu-
mers wish to disconnect from the DH system and
install individual natural gas heating. The threat of
the collapse of the DH systems is realistic and mu-
nicipalities attempt to stop this process by prohibi-
ting disconnection from the DH systems.

DH renovation projects require huge financial me-
ans, improved social programs (large number of con-
sumers in multi-family houses in small towns are in-
solvent) and the capability of municipalities to ma-
nage large-scale projects in a transparent and effi-
cient way.

The existing situation does not meet the needs of
consumers, heat suppliers and policy makers; there-
fore an immediate and essential reform is required
in the district heating sector.

The Lithuanian practice in the last decade de-
monstrates that the Scandinavian model of the DH
managing is not directly transferable to the Lithua-
nian DH business environment. The main reason for
this problem is the unfinished process of the forma-
tion of public motivation and weak institutions of
the protection of consumers’ rights. Lithuanian eco-
nomic sectors with the strongest competition and we-
ak state regulation show the greatest progress. The-
refore the introduction of competition into activities
where it is possible and reasoned is a priority in
new Electricity, Heat and Natural Gas laws [3].

Analysis of the energy sectors development sce-
narios and selection of the optimal way is a rather
complicated task; therefore modern mathematical to-
ols are needed. There are a number of mathemati-
cal tools for the evaluation of development scena-
rios, ranging from a technical to an economical ap-
proaches [4].

Most of the existing simulation models of the
energy sector were created by Western experts and
are well adapted for system simulation in Western
countries, where massive and quick transformations
are not as essential as in Eastern European coun-
tries. The specifics of Central and Eastern European
countries require specific tools. The creation of to-
tally new models is a long and expensive process,
hence adapting the existing and in practice well tes-
ted models is a more reasonable way.

Analysis of the generation aspect alone is not suf-
ficient for the prediction of future development: a
detailed assessment of the existing networks and the
possible development scenarios are also very impor-
tant.

The Balmorel model is used as a basis [1]. This
model was created for the simulation of power and
CHP (combined heat and power) systems in the
countries surrounding the Baltic Sea in the liberali-
zed electricity market. The district heating sector in
the model is represented in a very aggregated man-
ner – as a potential heat demand for the combined
heat and power technology. The idea of the authors
of this article is to supplement the Balmorel model,
which represents energy transmission networks, with
more details for the energy sector and make it po-
werful and flexible enough for analysis of electricity,
natural gas supply and district heating sectors as an
integral whole. The paper discusses the description
of the Network add-on for the Balmorel model and
an implementation example from a town in Lithua-
nia.

2. DESCRIPTION OF THE MODEL

2.1. Short description of the Balmorel model
The model is directed towards analysis of policy is-
sues to the extent containing substantial internatio-
nal aspects. The model is implemented in the GAMS
modelling language.

The technical structure of the Balmorel model
has several main parts: the core, auxiliary tools for
data input and calculation results output, and a tool
for error checking in the input data. The core con-
sists of a few files mainly including sets, variables,
parameters and formulas. Other files include techni-
cal data for simulation.

The countries around the Baltic Sea are arran-
ged in a certain hierarchy in the model. Every Coun-
try could be situated in one or more Regions and
every Region could contain one or more Areas. The
energy model describes interconnections among po-
wer and heat generation, energy transmission, distri-
bution and consumption. The model gives a detailed
description of generation technologies. Every electri-
city or heat production technology is characterized
by fuel, fuel price, fuel incineration efficiency, exis-
ting and new capacities, investment, operation and
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maintenance costs, lifetime, SO2, NOX and CH4 emis-
sions. The number of technologies is not limited in
an Area.

Energy transmission and distribution is described
by the following parameters: losses in transmission
and distribution, costs of transmission and distribu-
tion, investment into new electric transmission capa-
cities and export to the third countries.

Consumption in the model is described by annu-
al nominal electricity demand and variation of the
electricity demand during the year.

Only one electricity consumer and one heat con-
sumer within an Area are allowed.

The time function is quite flexible in the model.
The model runs on a year-by-year optimization regi-
me. Time dimension is subdivided into two levels
within a year – seasons and time segments within a
season. The number of seasons and time segments
within the season can vary from 1 × 1 (one segment
and one season) up to 1 × 8760 (a year is represen-
ted by 8760 individual hours). 12 × 12 time variation
is considered as standard and is typically used.

A number of different restrictions can be used.
Most of them are related to the limitation of gene-
ration, investment into new generating capacities and
environmental policy and tax simulation.

The model represents the supply system, inclu-
ding characterization of the main electricity and he-
at generation types with associated technical, econo-
mic and emissions related properties.

The values of the variables in the model are de-
termined to satisfy the physical and economic prin-
ciples. The physical constrains include generation op-
portunities using different technologies according to,
e.g., installed capacities and fuel availability. Tran-
smission and distribution constrains are also satis-
fied along the balance between supply and demand,
respectively accounting for losses and limitations.
Concerning the remaining options, the variables are
determined according to an economic criterion. As a
result, the model determines the following parame-
ters: generation of electricity and heat by technology
and fuel; electricity transmission; emissions; invest-
ments into generation and transmission capacities;
cost of electricity and heat. All these parameters are
specified with respect to time period and geographi-
cal location. The solution of the model is achieved
by solving a linear programming problem.

2.2. The network add-on
The Balmorel and Network add-on integration
The model consists of two basic parts: the Balmorel
model Base and Network add-on. Three main files
are interconnected to run the full model: Balmo-
rel.gms, Balbase1net.sim and Network.sim. The Bal-
morel.gms and Balbase1net.sim include the basic co-
des of the Balmorel model, which are not subjected
to any changes, and Network.sim includes additional

variables, equations and formulas, which are needed
for the Network add-on only. Data files (*.inc) are
divided into two subdirectories: Base and Network.
The main data files of the Balmorel model are loca-
ted in the Base directory and additional sets as well
as numerical data, which are not included in the ba-
sic Balmorel model and are needed for Network add-
on only, are located in the Network directory. The
present implementation of the Network add-on is ba-
sed on version 2.11 of the Balmorel model.

Structure of Network add-on
The structure of the Network add-on consists of three
types (electricity, district heating and natural gas) of
networks where a number of separate networks of the
same kind is possible (e.g., district heating networks).

The network is described by a graph, which inc-
ludes a number of interconnected branches and no-
des.

Branches in the model represent physical networks
(pipelines, cables), network installations (e.g., power
transformer) or some specific features (e.g., renova-
tion of old buildings and the related reduction of
heat demand). Nodes are connectors for branches
and are related with technologies, i.e. every techno-
logy must be related with some node. Interconnec-
tions among the networks are defined in the nodes.
The networks are somewhat simplified in order to
reduce the number of variables in the model.
Furthermore, the simplifications ensure the possibi-
lity of introducing separate district heating systems
to the model or describing one in a more detailed
way. The idea is to keep flexibility between two ex-
tremes: i) to describe a network as one branch with
average aggregated parameters; and ii) to describe a
network with a number of physical parameters for
each unit in the network.

There are no estimated physical factors like pres-
sure, velocity of the heat carrier, hydraulic processes
in DH pipelines, voltage losses, reactive and active
power flows in the power grid, etc. These assump-
tions may influence the model accuracy when com-
pared to specialized models for district heating, po-
wer or gas supply systems respectively. However, this
does allow the covering of large energy systems for
one or more countries and long-term development
analysis for all sectors as a combined system.

The model is rather flexible in simulating one, all
or any combination of electricity, heat and gas net-
works.

Nodes
There are three types of nodes in the expanded mo-
del by the energy form: electricity, heat and gas.
Therefore there are three subsets of nodes and they
need not to be mutually exclusive, some nodes can
be presented in more than one subset. A common
node between two or three networks is a point con-
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taining an energy transformation technology. A node
represented in only one network may contain a tech-
nology too, e.g., oil-fired boiler or heat storage.

All production and demand nodes are linked to
the areas. Each area can include a number of pro-
duction units and a number of final demand nodes
(consumers). The final consumer could be an elec-
tricity, heat or gas consumer. The technology using
natural gas or a heat pump is not considered as the
final consumer.

The first of Kirchhoff’s laws is valid for all no-
des: the sum of incoming flows is equal to the sum
of outgoing flows.

The energy balance equation at the node n ∈ N
for each time period t ∈ T:
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where flowin
tniF ,,  an inflow to the node n by branch i

connected to node n in each time interval t;

tni ,,η  energy losses in the branch i connected to

node n in each time interval t;
FI
tnF ,  Fixed Input of energy introduced to the no-

de n in each time interval t;
unload

tnsF ,,  energy unloaded from a storage s to the

node n in each time interval t;

tngP ,,  generation of technologies g related with

the node n in each time interval t;
flowout

tnjF ,,  outgoing flow from the node n by the

branch j connected to this node n in each time in-
terval t;

loadup
tnsF ,,  load of energy to a storage s related with

the node n in each time interval t;
n

tncD ,,  demand of the consumer c related to the

node n in each time interval t;
T number of time periods selected;
N number of nodes in the energy system.

Branches
The expanded model has three sets of branches for
each type of energy transportation network: electrici-
ty, heat or gas (Fig. 1). Any branch is in one and
only one of these sets. The model can handle diffe-
rent graphs of various complexities, from a very sim-
ple scheme including just one branch to more com-
plicated schemes with several branches. In fact, the
existing code allows introduction of both generation

technology and demand in one node. But in this case
it is not possible to estimate any network parameters.
Therefore it is recommended to have at least one
branch between the generation node and the demand
node if the network performance is analyzed.

Every branch includes the following parameters:
capacity (MW), losses (percent / 100, values from 0
to 1 are used), fixed O & M cost (euro / MW),
variable O & M cost (euro / MWh) and investment
cost (for branches that simulate the new capacity)
(euro / MW).

In general, all branches may contain two-direc-
tion flows. However, there are two types of bran-
ches in the model; the first type contains branches
where both flow directions share the same parame-
ters (capacity, losses, fixed costs, variable costs and
investment costs are the same). The second type con-
tains branches where the direction “plus” and the
direction “minus” have different parameters. For
example, consider a branch having different parame-
ters for two flow directions. The capacity of the di-
rection “plus” is 10 MW and the capacity of the
direction “minus” is 1 MW.

A loss value in the branch is estimated at the
incoming side of the flow to a node for the variable
representing the inflow to the node. It is possible to
have different values of losses during a year (for each
season segment which by default means a month) or
one value per year. This possibility results in a better
simulation of heat losses in district heating pipelines,
because in reality relative heat losses in winter and
summer periods could be very different.

For the expanded model, it is possible to intro-
duce new branches into the network. This could be
either a parallel branch to replace an already exis-
ting one or an entirely new branch. New branches
are only possible where the user of the model al-
lows this. New possible branches have the same pa-
rameters as the existing branches, except the capaci-
ty, which is variable and a result of the simulation.
The investment costs are estimated for new bran-
ches only. If a new branch is introduced in parallel
to an old existing branch, the old branch is elimina-
ted. This feature is important to avoid the situation
where a new small additional capacity is added eve-
ry year to the existing capacity.

The elimination of old branches is stated as

;*1 KzF flow
i ≤

;*2 CzF flow
i ≤ (2)

;121 ≤+ zz

]1,0[,]1,0[ 21 ∈∈ zz

where flow
iF  energy flow in a branch in each time

interval;
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z1 binary variable represen-
ting the possibility of flow in
an existing (old) parallel
branch;

z2 binary variable represen-
ting the possibility of flow in
a new parallel branch;

K the installed capacity of
an existing (old) parallel
branch;

C some big number (big-
ger than the possible flow va-
lue in a branch).

E.g., the existing capacity
is 10 MW; the branch capa-
city needed next year is 12 MW, therefore the mo-
del made an investment in 2 additional MW. The
second year this is repeated again and a 3 MW ca-
pacity is added. In practice, it is impossible to add
a new small DH or gas pipeline parallel to an exis-
ting pipeline. Therefore the model can choose, e.g.,
15 MW (or some other given number) of the new
installed capacity in the second year of a simulated
period.

This ensures the correct simulation of the renova-
tion of existing lines and installation of new energy
transportation lines. This feature uses mixed integer
programming (MIP), and the calculation time is lon-
ger compared to linear programming (LP). Therefore
it can be turned off, and only LP is used if the model
does not make the above-mentioned error, and in this
case shorter calculation time is needed.

Fuel supply
The fuel supply is designed in such a way that every
energy production (transformation) technology uses
one or more types of fuel (e.g., heavy fuel oil and
natural gas) or the same type of fuel with different
characteristics (e.g., heavy fuel oil, but of different
prices and sulphur content). It is possible to limit
the capacity of natural gas supply (e.g., due to limi-
tation of existing natural gas pipeline capacity) and
the investments into new capacities. Together with
the supplied fuel prices, it is possible to estimate the
variable and fixed costs of fuel supply (e.g., costs of
peat storage). This allows analyzing the competition
between natural gas, autonomous heating and district
heating technologies along with the estimations of
topography for both networks.

Production
Every node in the model can be linked to a produc-
tion technology. One node can have zero, one or
more production technologies. The user of the mo-
del decides which combinations of technology and
nodes are permitted. The number of production units
is not limited in the model. The outcome of the
simulation shows which technology produces energy

and the volume of the production. Generation tech-
nologies are described by several parameters, ma-
king the analysis quite detailed. The capacity of exis-
ting technologies is limited by installed capacity, but
the capacity of new installed technologies is variable
and is not limited.

The possibility of fixing the input of energy to
the node is introduced. This means that a fixed
amount of energy in terms of a constant could be
added to every node. This feature allows simulation
cases where the network has to use energy from
specific sources, e.g., waste incineration plants. Inter-
national energy flows, e.g., electricity or gas transit,
may be modeled in a similar way.

Demand
Every heat, electricity and gas demand node can be
linked with energy consumer. The demand is descri-
bed by two parameters: demand value per year and
demand profile during the year. The typical consu-
mers (household, commercial, etc.) could be repre-
sented by a general demand curve, while large or
important consumers (e.g., large industry) should ha-
ve a personal demand curve. Demand curves depend
directly on the time representation in the model.

Storages
The model has the possibility of simulating the ener-
gy storages, even electricity, heat and natural gas,
which work as part of the network infrastructure. The
storages for different types of energy could be simu-
lated separately, all together or in any combination.
Storage technology is introduced to a node, and every
node can have one storage technology for the same
type of energy, e.g., one electricity, one heat and one
gas storage technology (provided this node is part of
the electricity, heat and gas networks) is allowed in
one node, but, e.g., two electricity storages is illegal.

The size of the storage could be defined by the
user as existing technology or could be installed as
a new capacity. The operation, maintenance and in-
vestment costs and losses for energy storages should
be given.

Gas network

CHP

Electricity
production

District
heating
network

Power
network

Final heat
consumption

Final electricity
consumption

Heat
production

��������������������

Final gas
consumption��

��
��
��
��
��
��
��
��
��

Heat production

��������������������
��������������������

��������������������
��������������������

����������������
����������������
����������������
����������������
����������������

�����

����������������
����������������
����������������
����������������

�������������������������������������������������������������������
�������������������������������������������������������������������

�������������������������������������������������������������������������������������������
�������������������������������������������������������������������������������������������

Fig. 1. Structure of the model
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Model adaptation for specific needs
The model also allows the simulation of the impact
of insulation and renovation of the energy supply
system. The heat demand node, which represents heat
consumption of one or more buildings, could be “ex-
tended” by some additional branches representing he-
at losses in a building element (e.g., windows, walls
and heat distribution installations) and has a parallel
branch which represents reduced building losses af-
ter renovation and includes investment needs for re-
novation. Such pairs of branches could be connected
in series and represent several different elements of
a building.

The extended model, for the electricity level, al-
lows representation of different voltage levels. Ge-
nerally, the electricity network is more complicated
than the district heating network, so the network is
quite simplified and focus is held on different tariffs
and losses on different levels of voltage. Figure 2
illustrates the idea.

All producers and consumers are connected to
the power grid on the actual voltage level. Suppose
a producer is connected to a 10 kV grid. In this
case, the parameters of Flow 3 represent cost (could
be fixed or / and variable) and losses of the 10 kV
network. It is possible for the electricity in the 10
kV grid to flow in two directions: to the consumer
which is connected to this voltage or to a higher
voltage grid (110 kV in this example). In this case,
Flow 5.2 has parameters for entrance to the 110 kV
grid: losses and cost for this network. In this exam-
ple, electricity produced in the 110 kV (Flow 2) is
obliged by the losses and cost of the 110 kV net-
work and can be transmitted: i) to the 110 kV con-
sumer (without any additional losses and cost), ii) to
the 10 kV grid (Flow 5.1) (losses and cost of 10 kV
grid will be estimated), iii) to the 220 kV network
(Flow 4.2) (losses and cost of 220 kV network will
be estimated).

3. APPLICATION OF MODEL FOR HEAT
SUPPLY ANALYSIS

The expanded model could be used for the
analysis of different sizes of tasks, both large
systems and relatively small ones. The aut-
hors defined the primary scope of the project
to present a model for the analysis of Lithu-
anian power, natural gas and district heating
sectors with emphasis on CHP technology.
However, in the progress of the project a se-
rious problem of data collecting arose, espe-
cially from the DH sector. There is no cen-
tralized detailed data collecting system from
the Lithuanian district heating companies at
present. District heating companies are mo-
nopolists and cannot be considered as the pa-
ragon of transparency. Therefore the full sca-
le Lithuanian DH, power and gas sector mo-

del is not available at the moment. The Lithuanian
District Heating Long Term Development Plan was
approved. This document declared the creation of
the National Database for the energy sector. Howe-
ver, the database filling process is a rather time-
consuming procedure. In the following sections we
present the possibilities of the model and the simu-
lation on the example of a town in southern Lithu-
ania.

3.1. Town district heating description
The district heating system of Eisiskes town was
constructed in 1970. At present, the Eisiskes district
heating system is operated by a large company, which
includes 10 separate DH systems in separate towns.
The DH scheme of the town is presented in Fig. 3.
The existing system has two heat only boilers situa-
ted in one boiler house, and the total installed ca-
pacity is 8.35 MW. The main fuel is heavy fuel oil,
but sometimes crude oil is used (4 percent in 2002).
The total length of the DH network is 1588 m and
the diameter varies from 50 mm up to 250 mm. All
consumers are buildings (no industry): the municipa-
lity, hospital, 3 schools and 5 multi-family houses.
The demand per season varies significantly – from
645 MWh in December to 55 MWh in July 2002.
The big difference in demand variation during a year
is due to the climate and the fact that the schools
do not use tap water in summer. The pipelines were
constructed 35 years ago, therefore the insulation is
obsolete and of reduced quality. Average annual heat
losses from the pipelines during a year are about 25
percent. However, the heat losses in summer and in
winter differ significantly (16 percent in December
and 58 percent in July 2002).

Three networks are introduced into the model
describing the town’s energy supply system: district
heating, electricity and natural gas. The main heat
supplier is the DH system. Electricity is seldom used

Prod
To anoth

region/
country

F L O W  1

F L O W  6

Prod
F L O W  2

FLOW 4 .1

FLOW 4 .2

F L O W  7

Prod
F L O W  3

FLOW 5 .1

FLOW 5 .2

F L O W  8

C o n s

C o n s
10 kV

110 kV

220 kV

Entrance to
10 kV

parameters

Entrance to
110 kV

parameters

Entrance to
220 kV

parameters

Fig. 2. Possible electricity network interpretation in the model
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for space heating due to the high pri-
ce (the electricity tariff is approxima-
tely 2 times higher than the DH ta-
riff). Electricity is used for heating
when DH does not provide heat at
the start of the heating season (heat
demand regulation on demand side
has not been introduced up till now
and the heating season starts at the
same time for all consumers) or as
additional source of DH, if some of
the consumers are not satisfied with
the quality of the heat supply. This
is due to the fact that heating sys-
tems in a number of existing buil-
dings are poorly tuned, hence
somewhere overheating occurs
whereas underheating is a problem
elsewhere in the same building.

The town power network is descri-
bed by two voltage levels. The 10 kV
voltage level is connected to the na-
tional power grid and energy through
the transformer is supplied to the
0.4 kV consumers (Fig. 4). The elec-
tricity needs of all consumers for he-
ating purposes only are not represen-
ted in the model.

There is no natural gas network in
the town at present. However, natural
gas networks are widespread in
Lithuania, and the number of house-
hold customers connected to the na-
tural gas network was 518000 in 2003. Therefore,
the natural gas network development scenario is al-
so analyzed.

The investment cost is associated with the annuity
factor in the model, and the value 0.149 is used for
calculation (corresponding to annuity payment over a
lifetime of 10 years and an interest rate of 8%).

3.2. Scenario 1. No essential changes (Table 1)
No essential changes means that only new generation
units are allowed in the DH. This is the main strategic
scenario of the existing DH company: the change of a
heat boiler to a new one, which uses cheaper fuel.
Wood fuel is the cheapest type of fuel for small boilers
in Lithuania at present. Two possible locations for the
new units are presented in the model. The first loca-
tion is the existing boiler-house (point A, see Fig. 3).
Another possible location is at the other end of the
main pipeline, near the large consumers – the Muni-
cipality building and the Hospital (point B, see Fig. 3).

Some main parameters used for all scenarios are:
the price of heavy fuel oil 500 LTL/t (1 euro =
3.4528 Lt), the price of wood fuel 100 LTL/m3 and
heat demand of the end-users is fixed and equals
3558 MWh/year.

Case I. Existing situation. Results of calculation
correspond to the real data presented by the DH
company.

The analyzed cases within the scenario are as fol-
lows:

Case II. The new wood burning boiler is assu-
med to locate in the existing boiler house (point A,
see Fig. 2).

Case III. The new wood boiler is assumed to
locate in point B (see Fig. 2).

Case IV. The new wood boilers are assumed to
install in two points A and B (see Fig. 2).

Case V. The new wood burning CHP could be
installed in point A.

In case III, the investment in boilers at point B
is estimated as two times higher than for a new boi-
ler in point A, because a new boiler-house with the
whole infrastructure in point B is needed. Invest-
ment in the expansion of the DH pipelines is requi-
red in no cases of this scenario because of the suf-
ficient existing capacity.

In case V, the assumption is made that electricity
generated at wood CHP is sold to the national elec-
tricity market for 200 LTL / MWh and the wood
CHP installation cost is 1000 euro / kWel.

A B

School 1

Kindergarten

School 2

House1

House 2

House 3

School 3

Municipality

House 4

House 5

Hospital

B ConsumerBoiler house

Fig. 3. Eisiskes town district heating scheme
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House 1

Hospital

House 5

House 4

MunicipalityHouse 2
House 3

Transformer

10 kV

A B

0.4 kV

Fig. 4. Electricity network for the Eisiskes town model
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Table 1. Scenario 1 calculation results

Scenario 1, Scenario 1, Scenario 1, Scenario 1, Scenario 1,
case I. case II. case III. case IV. case V.
Existing Wood boiler Wood boiler Wood boilers Wood CHP

heavy fuel and existing in point B in points in point A
oil boiler oil boiler in A and B

point A

Newly installed Wood boil. A 0.596
generation – Wood boil.0.503 Wood boil. 0.634 Wood boil. B 0.634 CHP 0.605 (el)
capacities, MW Total 1.23

Investment to Wood A boil. 179
new generation, – Wood boil. 151 Wood boil. 380 Wood B boil. 380 CHP 2090
kLTL Total 559

Heat (electricity) Wood boil. 3141 Wood boil.2884 A boiler 1666 CHP 4734 th
generation, 4754 Oil boil. 1613 Oil boil. 1459 B boiler 2688  (2367 el)
MWh/a Total 4754 Total 4343 Total 4354 Oil boil. 20 Oil boil. 20

Total heat 4754

Fuel Wood boil.3696 Wood boil. 3327 A boil. 1960 CHP 8876
consumption, 5593 Oil boil.1897 Oil boil. 1717 B boil. 3089 Oil boil. 24
MWh/a Total 5593 Total 5044 Total 5049 Total 8900

Expenses for Wood 81 Wood boil. 73 A boil. 43 CHP 195
fuel, kLTL/a 191185 Oil 65 Oil boil. 587 B boil. 68 Oil boil. 0.8

Total 146 Total 132 Total 111 Total 196

Losses in DH 1196 1196 796 796 1196
network, MWh/a

Generation cost, 88.9 80.4 86.1 67.8 201.5
LTL/MWh

DH network cost, 31.1 31.1 26.4 26.7 31.1
LTL/MWh

Total cost, 116 111.5 112.5 94.5 99.4
LTL/MWh

Total expenses 413 397 400 336 354
per system,
kLTL/a

3.3. Scenario 2. Possible replacement of DH pipelines
(Tables 2 and 3)
The technical state of existing heat supply pipelines is
rather poor. Replacement of pipelines with new ones
with better insulation and optimized diameters should
reduce heat losses in the transmission network and
improve the dispatching of hydraulic processes. The
density of demand is changed, and a new optimal
configuration of pipelines should be found. The mo-
del has the possibility of simulating the renovation of
pipelines. Existing and new pipelines are described as
a number of interconnected segments, which are de-
fined by the capacity (existing or newly installed), los-
ses, and operation and maintenance costs. The results
of the simulation could be the replacement of all seg-
ments by new ones, changing part of the segments or
no changes at all.

The cases analyzed within the scenario are as fol-
lows:

Case I. Wood boiler generation in point A. Re-
placement of DH pipelines is allowed.

Case II. Wood boiler generation in point B. Re-
placement of DH pipelines is allowed.

Case III. Wood CHP generation in point A. Re-
placement of DH pipelines is allowed.

The location of generation sources in the net-
work has a significant impact on the final solution.
When new pipelines are installed and losses in the
network are reduced, smaller generation capacity is
needed, since less heat is required.

 Estimation of the renovation of the demand si-
de is another very important issue in the analysis of
DH development. Nearly all buildings constructed du-
ring the soviet period have a very poor insulation.
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Table 2. Scenario 2 calculation results

Scenario 2, Scenario 2, Scenario 2, Scenario 2, Scenario 2, Scenario 2,
case I. case II. case III. case IV. case V. case VI.

Wood boiler Wood boiler CHP in All “saving” All “saving” All “saving”
in point A. in point B. point A. measures, measures, measures,

DH pipe DH pipe pipe wood boiler wood boiler CHP
renovation renovationDH renovation in point A in point B generation

in point A

Length of
newly installed 1588 1588 1588 1588 1588 1588
pipelines, m

Investment into
new pipelines, 1209 1209 1209 677 677 676
kLTL

Newly installed
generation Wood boil. Wood boil. CHP Wood boil. Wood boil. 0.287 el
capacities, 0.399  0.357 0.512 el. 0.223 0.200 (0.573 th)
MW (1,024 th)

Investment to Wood boil. Wood boil. CHP Wood boil. Wood boil CHP 989
new generation, 120 214 1768 67 120
kLTL

Heat (electricity) Wood boil. Wood boil. CHP Wood boil. Wood boil. CHP 2081 th
generation, 2318 1230 3720 th 1297 689 (1041 el)
MWh/a Oil boil. Oil boil. (1860 el) Oil boil. Oil 1391 Oil boil. 10

1420 2488 Oil 18 794 Total 2081 Total 2091
Total 3738 Total 3718 Total 3738 Total 2091

Fuel Wood boil. Wood boil. CHP Wood boil. Wood boil. Oil boil. 12
consumption, 2727 1414 6975 1526 792 CHP 3903
MWh/a Oil boil. Oil boil. Oil boil. Oil boil. Oil boil. Total 3915

1670 2928 21 935 1637
Total 4397 Total 4342 Total 6996 Total 2461 Total 2429

Expenses for Wood boil. Wood boil. CHP 153 Wood boil. Wood boil. Oil boil. 0,4
fuel, kLTL/a 60 31 Oil boil. 33 17 CHP 86

Oil boil. 57 Oil boil. 0,7 Oil boil. Oil boil. Total 86
Total 117 100 Total 154 32 56

Total 131 Total 66 Total 73

Losses in DH
network, 180 161 180 101 90 101
MWh/a

Generation 68.8 76.8 169,2 86.8 94.8 187.2
cost, LTL/MWh

DH network 55.8 54.8 55.8 55.9 54.8 55.9
cost, LTL/MWh

Total cost, 124.7 131.6 120.4 142.7 149.6 138.4
LTL/MWh

Total expenses 444 468 428 857 871 849
per system,
LTL/a

Table 3. Scenario 2. Buildings renovation investment

Renovation heating Replacement of Insulation of basement, Total
equipment of buildings windows walls and roof

Investment to “heat saving”
measure, total all consumers, kLTL 797 797 2253 3847
Decrease of heat losses, per cent 25 7 12 44
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In addition, the existing technical system does not
allow regulation of the heating intensity in every ro-
om of the heat consumer. Such a system is passive
and inefficient. The situation could be improved by
partial or full renovation of the buildings. The mo-
del has the possibility to simulate optimal renova-
tion of the buildings. It is arranged in such a way
that each consumer node is “extended” by three pairs
of branches. One branch simulates renovation of he-
ating installations inside the buildings (new substa-
tion, additional balancing pumps, regulation valves
on radiators, etc). The second branch simulates re-
placement of existing old windows by new ones with
modern frames and windowpanes. The third branch
simulates renovation of building insulation (basement,
walls and roof). Every branch has a parallel branch.
One branch describes the existing situation (heat los-

ses in percentage) and the other describes the reno-
vated situation when losses are reduced and certain
investments are needed.

All consumers are buildings in the presented town
model, therefore “heat saving” measures are allowed
for all consumers.

When losses on the heat demand side are reduced
the demand decreases, therefore smaller transmission
and generation capacity is required. Below are pre-
sented the results of the simulation situation when all
“heat saving” measures are introduced in the diffe-
rent generation points. Due to “heat saving” measu-
res the final demand is reduced by 1991 MWh / year.

3.4. Scenario 3. Essential structural changes are
allowed (Table 4)

This scenario analyses the possible decentralization
of heating in the town. As is mentioned above, a num-

Table 4. Scenario 3 calculation results

Scenario 3, Scenario 3, Scenario 3, Scenario 3, Scenario 3,
case I. case II. case III. case IV. case V.
Total Total Total Central oil Central wood

decentralization. decentralization. decentralization, boiler, boiler in
Individual Individual individual wood individual wood point A

wood boilers electric boilers.  boilers and individual
heating All “saving”  electric heating.

measures New DH pipelines

Newly installed 1.122 1.177 0.628 Indiv. wood El. heat. 0.182
generation capacities, boil. 0.182 Wood boil. 0.919
MW

Investment to 225 118 126 36 El. heat. 18
new generation, Wood boil. 275
kLTL Total 294

Heat generation, 3558 3558 1991 Ind. boil. 1192 El. heat. 1192
MWh/a Oil boil.2940 Wood boil. 2429

Total 4132 Total 3621

Fuel consumption, 4448 3801* 2489 Wood boil.1490 El. heat. 1308
MWh/a Oil boil. 3459 Wood 2858

Total 4949 Total 4166

Expenses for fuel, 98 961 55 Wood 33 El. heat. 353
kLTL/a Oil 118 Wood 63

Total 151 Total 416

Losses in DH network, 0 0 0 574 63
MWh/a

Generation cost, 48.3 280 89.2 73.2 46.6
LTL/MWh

DH network cost, 0 0 0 28.05 53.59
LTL/MWh

Total cost, LTL/MWh 48.34 280 89.2 101.2 100.2

Total expenses per system, 172 996 751 360 357
kLTL/a

* The amount of consumed electricity.



Ramûnas Gatautis, Hans F. Ravn18

ber of consumers in Lithuania are not satisfied with
the quality and tariffs of the DH company and wish to
disconnect from the district heating network and install
individual heating. Natural gas is the main alternative
to DH in large cities, while natural gas, wood, coal,
light fuel oil, liquid gas are attractive in small towns.
The question is how such disconnections will impact
economics and the DH network operating as well as
other energy suppliers (natural gas, electricity) What is
more attractive, DH or total decentralization? Those
questions are very important for energy suppliers, mu-
nicipalities, designers, consumers and policy makers.

This scenario analyzes the following cases.
Cases I and II. Total decentralization, when di-

strict heating is rejected as a technology. In this ca-
se all consumers install new individual heat sources.
The analyzed options are wood boilers (Case I) or
electric heating (Case II).

Case III. Total decentralization with estimating the
introduction of “heat saving” measures into buildings.

Replacement of district heating by individual wo-
od boilers is a good option from the economic point
of view, but numerous of small boilers will debase
the air quality in the town. The model can calculate
the pollutants, but it cannot answer whether these
emissions meet the norms of their allowed concen-
trations in the air. Electric heating is not attractive
due to the high electricity tariff.

Case IV. Partial decentralization. This case analyzes
the situation when only decentralized small boilers ope-
rate in the summer time when heat demand is low. DH
and small decentralized boilers operate together during
the heating season. The attractiveness here is to avoid
big losses in the DH network when the demand is low.

3.5. Scenario 4. The natural gas network introduction
(Table 5)
There is no natural gas supply network in the town.
A possible natural gas network was introduced into

the model with the same configuration as the di-
strict heating network, i.e. an assumption is made
that gas network segments would be constructed in
parallel to the DH. The main line of the natural gas
pipeline is situated 15 km away from town, therefo-
re construction of such a pipeline and a pressure
reduction station is needed.

The pipeline from the main gas pipe to the town
is very expensive and not attractive due to the rela-
tively low demand. However, in case the town has
gas supply to the central boiler house, the construc-
tion of gas pipelines to individual gas boilers would
be attractive. This case is presented as an example
of the model possibilities, since many Lithuanian
towns have well-developed gas supply networks, and
total decentralization along with installation of indi-
vidual gas boilers does not, in most towns, require
investment in the extension of the existing gas net-
work.

4. DISCUSSION

The analyzed cases of heating system development
in the Eisiskes town have been grouped and are pre-
sented in Table 6. The results has shown that the
cheapest way to supply heat is total decentralization
and an individual wood boiler for each heat consu-
mer. However, this way has a drawback: numerous
small wood boilers can debase the air quality in the
town and require quite a bit of hand work in exploi-
tation.

The case “do nothing”, i.e. no changes, no invest-
ments takes the 8th position, therefore at least 7 ca-
ses are better. Three of those cases assume a change
of the generation structure and installation of new
wood boilers which use a cheaper wood fuel. As com-
pared to other alternatives, this way of development
requires relatively small investments. The other two
cases assume partial heating system decentralization,

Table 5. Scenario 4 calculation results

Scenario 4, case I. Scenario 4, case II. Scenario 4, case III.
Gas boiler in point A Individual gas boilers Gas CHP in point A

Newly installed generation 1.299 1.122 0.455 el. (1.299 th)
capacities, MW
Investment, kLTL Gas main pipe 3370 442 785

Gas boiler 538
Heat (electricity) generation, MWh/a 4754 3558 4754 th (1664 el)
Fuel consumption, MWh/a 5593 4448 7551
Expenses for fuel, kLTL/a 251 215 339
Losses in DH network, MWh/a 1196 0 1196
Generation cost, LTL/MWh 107.2 90.6 161.38
DH network cost, LTL/MWh 172.2* 31.12** 0** 31.12**
Total cost, LTL/MWh 279.4* 138.3** 90.6** 145.6**
Total expenses per system, kLTL/a 994* 492** 446** 518**

* Main gas pipeline construction included.
** In the case the main gas pipeline construction is not included.



Modelling of energy supply systems by the Balmorel model 19

when only individual boilers work in a non-heating
season and central DH boiler in parallel with indivi-
dual boilers work in heating season time.

Small-scale CHP units working on wood chips are
attractive also. They greatly depend on the tariff of
electricity provided to the national electricity grid.
The preferential tariff for electricity produced from
renewable sources is applied in Lithuania at the mo-
ment (200 LTL / MWh).

All other cases are more expensive, but to conc-
lude that they are worse would be not correct.

The possibility to install CHP units would be
much more attractive in case the price of electricity
increases. The rise of electricity price is very realis-
tic due to the fact that the Ignalina Nuclear PP will
be closed in 2009.

The possibility to renovate the insulation of old
district heating pipelines and buildings looks more
realistic in the light of discussion on the implemen-
tation of the national building sector development
strategy and the possibility to use European structu-
ral funds. Together with the aim of the European
Commission to decrease the import of energy re-
sources from non-EU countries, the investments to
reducing fuel use are attractive.

5. CONCLUSIONS

Sustainable development of the energy sector, inclu-
ding power, district heating and natural gas supply
sub-sectors, is a complicated task. This task has spe-

cific features in Lithuania and Central and East Eu-
ropean countries due to requirements to re-orient
the energy sector from planning economy to the li-
beral market and avoid threats of a single geopoli-
tical energy supplier.

For the analysis of such specific features, the net-
work expansion of the Balmorel model has been cre-
ated. This add-on expands the original model with a
more detailed description of district heating, natural
gas and electricity networks. It allows an analysis of
different development scenarios and renovation of
the energy generation, transition and demand side.
This is a powerful and flexible mathematical tool in
the political and economic decision-making for deve-
lopment of the energy sector at a national, regional
or municipal level.

The article provides a description of the expan-
ded model and analyzes the heat supply scenarios
on an example of a Lithuanian town called Eisiskes.
Nineteen cases are analyzed within four scenarios.

The results show that decentralizing heat supply
would be attractive from the economic point of view;
however, it can debase the air quality in the town. In
addition, introduction of CHP technology would be
impossible in the case of total decentralization. Re-
construction of district heating pipelines and a com-
prehensive renovation of buildings would have an es-
sential impact on the improvement of the consumers’
comfort level, reduction of fuel consumption and emis-
sions, therefore it should be attractive from the natio-
nal energy policy implementation point of view.

Table 6. Ranking of analyzed cases according to total expenses for heat supply in the town

Cases of heat supply development Total expenses
in the town per system,

kLTL / a

1 Scenario 3, case I. Total decentralization, individual wood boilers 172
2 Scenario 1, case IV. Wood boilers in points A and B 336
3 Scenario 1, case V. Wood CHP in a point A 354
4 Scenario 3, case V. Partial decentralization. Central wood boiler in point A and individual 357

electric heating. New DH pipelines
5 Scenario 3, case IV. Partial decentralization. Central oil boiler, individual wood boilers 360
6 Scenario 1, case II. Wood boiler and existing oil boiler in point A 397
7 Scenario 1, case III. Wood boiler in point B 400
8 Scenario 1, case I. Existing heavy fuel oil boiler (no any changes) 413
9 Scenario 2, case III. CHP in point A, DH pipe renovation 428
10 Scenario 2, case I. Wood boiler in point A, DH pipe renovation 444
11 Scenario 4, case II. Total decentralization. Individual gas boilers 446
12 Scenario 2, case II. Wood boiler in point B. DH pipe renovation 468
13 Scenario 4, case I. Gas boiler in point A (without main gas pipe investment) 492
14 Scenario 4, case III. Gas CHP in point A (investment to main gas pipe does not estimated) 518
15 Scenario 3, case III. Total decentralization, individual wood boilers. All “heat saving” measures 751
16 Scenario 2, case VI. All “heat saving” measures, CHP in point A 849
17 Scenario 2, case IV. All “heat saving” measures, wood boiler in point A 857
18 Scenario 2, case V. All “heat saving” measures, wood boiler in point B 871
19 Scenario 4, case I. Gas boiler in point A 994
20 Scenario 3, case II. Total decentralization, individual electric heating 996
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ENERGIJOS TIEKIMO SISTEMØ
MODELIAVIMAS BALMOREL MODELIU

S a n t r a u k a
Vidurio ir Rytø Europos ðalys turi gerai iðvystytus elektros,
gamtiniø dujø ir centralizuoto ðilumos tiekimo sektorius. Dar-
ni ðiø sektoriø plëtra turi bûti analizuojama kompleksiškai.

Straipsnyje pateikiamas poreikiais grindþiamas (bottom-
up tipo) matematinis optimizacinis modelis Balmorel, pra-
plëstas autoriø sukurtu moduliu „Tinklai“. Originalus mode-
lis Balmorel kurtas ðaliø apie Baltijos jûrà elektros sistemø
ilgalaikei plëtros analizei. Iðplëstas modelis, apimantis gam-
tiniø dujø bei centralizuoto ðilumos tiekimo tinklø analizæ,
leidþia vertinti esamø ir galimø naujø elektros bei ðilumos
ðaltiniø poreiká, elektros, CÐT ir gamtiniø dujø tinklø tiesi-
mà ir rekonstrukcijà, elektros ir ðilumos apkrovos grafikø
kitimo átakà tiekimo sistemoms, taip pat pastatø rekonstruk-
cijos, siekiant sumaþinti ðilumos nuostolius juose, átakà ener-
gijos tiekimo sistemø plëtrai.

Pateikiamas iðplësto modelio pritaikymo miesto ðilumos
tiekimo sistemos plëtros analizei pavyzdys, vertinant naujø
katilø, termofikacinës jëgainës árengimà, CÐT vamzdynø re-
novacijà, pastatø atnaujinimà ir ðilumos vartojimo sumaþë-
jimo ávairias kombinacijas, taip pat ðilumos tiekimo decen-
tralizavimà.

Raktaþodþiai: matematinis optimizacinis modelis, tinklai,
centralizuotas ðilumos tiekimas, elektros sistema, gamtiniø
dujø sistema

Ðàìóíàñ Ãàòàóòèñ, Ãàíñ Ô. Ðàâí

ÌÎÄÅËÈÐÎÂÀÍÈÅ ÝÍÅÐÃÎÑÈÑÒÅÌ
ÌÎÄÅËÜÞ BALMOREL

Ð å ç þ ì å
Ñòðàíû Öåíòðàëüíîé è Âîñòî÷íîé Åâðîïû
îáëàäàþò íå òîëüêî õîðîøî ðàçâèòîé ñèñòåìîé
ýëåêòðîñíàáæåíèÿ, íî è ñèñòåìàìè òðàíñïîð-
òèðîâêè ïðèðîäíîãî ãàçà è öåíòðàëèçîâàííîãî
òåïëîñíàáæåíèÿ. Àíàëèç èõ ðàçâèòèÿ ñëåäóåò
ïðîâîäèòü, ðàññìàòðèâàÿ âñå ýòè ñèñòåìû â
ñîâîêóïíîñòè.

Â íàñòîÿùåé ñòàòüå ïðåäñòàâëåíà ìàòåìàòè÷åñêàÿ
îïòèìèçàöèîííàÿ ìîäåëü, ñîçäàííàÿ ïî ïðèíöèïó,
êîãäà çàäàííàÿ ïîòðåáíîñòü â ýíåðãèè îáåñïå÷åíà
îò óæå èìåþùèõñÿ ãåíåðèðóþùèõ ìîùíîñòåé (bot-
tom-up) èëè òåõ, êîòîðûå ìîãóò áûòü ïîñòðîåíû â
áëèæàéøåì áóäóùåì. Çà îñíîâó áûëà âçÿòà ìîäåëü
Balmorel, ïðåäíàçíà÷åííàÿ äëÿ àíàëèçà ðàçâèòèÿ
ýëåêòðîýíåðãåòè÷åñêîé ñèñòåìû ñòðàí Áàëòèéñêîãî
ìîðÿ â óñëîâèÿõ ëèáåðàëèçîâàííîãî ðûíêà
ýëåêòðîýíåðãèè.

Äîïîëíåííàÿ ìîäåëü ïîçâîëÿåò äåòàëüíî
àíàëèçèðîâàòü ýëåêòðîñèñòåìû è ñèñòåìû òðàíñïîð-
òèðîâêè ïðèðîäíîãî ãàçà (â ò. ÷. è ìåæíàöèîíàëü-
íûå), à òàêæå ìåñòíûå ñèñòåìû òåïëîñíàáæåíèÿ.
Ñîçäàíî äîïîëíåíèå ê îðèãèíàëüíîé ìîäåëè „Ñåòü“,
ãäå äëÿ êàæäîãî ñåãìåíòà ñåòè ïðèâîäÿòñÿ îñíîâíûå
òåõíèêî-ýêîíîìè÷åñêèå ïàðàìåòðû.

Äîïîëíåíèå ê ìîäåëè ïîçâîëÿåò ïðîâåñòè
ïðåäâàðèòåëüíûé àíàëèç ïðè ïðîêëàäêå íîâûõ èëè
ðåêîíñòðóêöèè ñòàðûõ òðóáîïðîâîäîâ öåíòðà-
ëèçîâàííîãî òåïëîñíàáæåíèÿ, ïðè óñòàíîâëåíèè íîâûõ
è ïðîâåðêå æèçíåñïîñîáíîñòè ñòàðûõ ãåíåðèðóþùèõ
ìîùíîñòåé. Êðîìå òîãî, îíà ïîçâîëÿåò îïðåäåëèòü
âîçäåéñòâèå ãðàôèêîâ ýëåêòðè÷åñêîé è òåïëîâîé
íàãðóçêè íà ñèñòåìó, à òàêæå öåëåñîîáðàçíîñòü
ðåêîíñòðóêöèè çäàíèé â öåëÿõ ñíèæåíèÿ ïîòåðü òåïëà
è âîçäåéñòâèÿ ýòîãî íà ñèñòåìó â öåëîì.

Â ñòàòüå îöåíåíà ñèòóàöèÿ ýíåðãåòè÷åñêîãî
ñåêòîðà Ëèòâû. Íà ïðèìåðå îäíîãî ãîðîäà Ëèòâû
ñ èñïîëüçîâàíèåì ñîçäàííîé ìîäåëè ïðåäëîæåíû
ïóòè ðàçâèòèÿ òåïëîñíàáæåíèÿ: íîâûå êîòëû,
íîâàÿ ÒÝÖ, ðåêîíñòðóêöèÿ òåïëîâûõ òðóáî-
ïðîâîäîâ, ðåêîíñòðóêöèÿ çäàíèé ñ öåëüþ ñíèçèòü
ïîòåðè òåïëà, à òàêæå äåöåíòðàëèçàöèÿ òåïëî-
ñíàáæåíèÿ.

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêàÿ ìîäåëü, ñåòè,
öåíòðàëèçîâàííîå òåïëîñíàáæåíèå, ýëåêòðîñèñòåìà,
ñåòè ïðèðîäíîãî ãàçà


