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AS Narva Elektrijaamad owns two the world’s largest oil shale-fired power 
plants – Balti Elektrijaam (Balti Power Plant) and Eesti Elektrijaam (Eesti 
Power Plant). The new fluidized-bed energy block No. 11 of Balti Power 
Plant is operated in cogeneration mode to provide the district-heating system 
of Narva. The energy market prices of heat for all consumer groups have 
increased significantly. High heat losses and poor technical condition of the 
old district-heating networks decrease the future of centralized heating, and 
consumers make choice in favor of local heating. High heat losses of Narva 
district heating are caused by poor thermal insulation and over-dimensioning 
of pipes. Objective estimation of actual conditions of district-heating net-
works and technical-economical argumentation for renovation and expansion 
of networks should be carried out to increase the share of heat production 
based on CHP and to decrease fuel consumption. For minimization of heat 
distribution expenses DH network should be optimized. The opportunities of 
building heat supply alternatives in Narva are also investigated. Four 
scenarios of heat supply alternatives were analyzed using energy planning 
models.  

Introduction 

At building, capacity of combined heat and power plants (CHP) follows 
basically from thermal loading. The new fluidized-bed energy block No. 11 
of Balti Power Plant is operated in cogeneration mode to provide the district-
heating system of Narva.  

Poor condition of district-heating (DH) networks and unreliable heat 
supply can decrease the future of district heating, and consumers have to 
make choice for different heat supply alternative. Often the decentralized 
heating is no effective solution for regional heat supply strategy decreasing 
                                                 
* Corresponding author: e-mail ahleb@sti.ttu.ee 



A. Hlebnikov et al 270

the potential of combined heat and power production. Objective estimation 
of actual conditions in DH networks and technical-economical argumenta-
tion for their renovation and expansion should be carried out to increase the 
share of heat production based on CHP and decrease fuel consumption. For 
decreasing the heat distribution cost, DH networks should be optimized. 

Main characteristic parameters of the DH network of Narva city and their 
difference from the optimal values are estimated and compared with the 
typical Swedish networks [1]. The current comparison gives an example for 
economic optimization of Narva old unoptimized district-heating network. 
The purpose of optimization is to get minimal costs of heat distribution. The 
potential for increasing the efficiency of Narva DH network was established. 

For analysis of competitiveness of oil shale CHP the opportunities of 
building heat supply alternatives in Narva also are investigated. Four 
scenarios of heat supply alternatives were analyzed using two energy-
planning models. The economical reasonability of building new units near 
Narva city is given. 

Methodology  
Method of estimation of DH networks 

The major characteristic parameter for estimating the efficiency of the DH 
networks is heat loss factor qhlf. The heat loss factor is a ratio of the heat loss 
to the quantity of heat supplied to the DH network. The heat loss factor does 
not depend only on the efficiency of pipe insulation. It depends on the 
following parameters: 

– The overall heat transfer coefficient Ko, in W/(m2·K), which charac-
terizes the efficiency of pipe insulation; 

– The specific surface area of the distribution pipes A/L, in m2/m, which 
characterizes the average size of the district heating pipes; 

– The degree-hour number ∫Θdτ, in °C·h, which indicates the level of 
water distribution temperature relative to the annual average of the out-
door temperature; 

– The specific heat supply Q/L, in MWh/m, which characterizes the 
concentration of the district heating demand. 

Where 
A – surface area of the distribution pipes, m2; 
L – pipes’ length, m; 
Θ – difference between water average temperature and outdoor temperature, 

°C; 
τ – duration of difference between average and outdoor temperatures of 

water, h; 
Q – annual quantity of the heat supplied to the district-heating network, 

MWh. 
The overall heat transfer coefficient can be calculated on the basis of 

design data of the district networks or estimated from the heat loss measure-
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ments. In the present work the overall heat transfer coefficient is calculated 
on the basis of the annual heat losses. The annual heat losses are calculated 
as the difference between the heat supplied to the DH network and the heat 
measured at the consumers.  

The heat loss factor is given by 
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where Qhlf  – the annual distribution heat loss, MWh. 
The overall heat transfer coefficient Ko is given by 
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The average diameter of the district heating pipes da is given by: 
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For analyzing the efficiency of the DH network, heat loss factor can be 
divided into two parts: the overall heat transfer coefficient and the distribu-
tion parameter. The distribution parameter is given by 
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The question how to select the optimal diameter of pipes in which a fluid 
is transported represents a classical optimization problem [2-4]. Figure 1 
shows qualitatively how an economic optimum can be found for the dia-
meter of the district-heating pipe. Total cost is the sum of costs for pipeline 
installation, for heat losses, and for pumping power. Of these three cost 
elements, the costs of pipeline installation and heat losses increase strongly 
with diameter, while the pumping power drops rapidly (Kpumping ~Ds

5) with 
diameter increasing. 

Optimization of this kind usually assumes that the flow rate is constant 
when the diameter is varied. This method was developed to be as simple as 
possible yet complete and accurate enough for design calculations. 

Dynamic simulation models of DH networks today are also very popular. 
One type of the mathematical model involves a full physical modeling of the 
network [6] and in the other type of model DH network is replaced by a 
simplified one [7]. 

Water velocities and friction losses in pipes of Estonian old DH 
networks, as a rule, are much lower than their optimum values. This situation  
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Fig. 1. Economic optimization of pipe diameter. 

 
 

exists because old networks were designed for a much bigger load taking 
into account growing potential. In the present time the heat load of 
consumers is 15–30% less than designed (in some cases up to 2 times less). 

Pumping costs in old networks with overdimensioned pipes are much less 
than in new optimized networks. At the same time heat losses in old net-
works with overdimensioned and badly insulated pipes are many times 
higher. The saving in heat losses gives a great increase in the total DH 
distribution cost. 

As a rule of thumb, many DH networks in Denmark and in other 
European countries have been designed by applying a friction loss of 
100 Pa/m [2, 4]. Estonian old networks are designed also by applying similar 
friction loss of about ~80 Pa/m [8], but real friction losses are much less. 
This situation exists because old networks were designed for a much bigger 
load taking into account growing potential. 

 
Analysis of heat energy supply alternatives 

Heat energy supply alternatives in Narva city were modelled to investigate 
the feasibility and economical reasonability of the use of oil shale condens-
ing extraction turbine block comparing with the other alternatives, such as 
biomass CHP, natural gas CHP and boilerhouse. The CHP usage could 
increase the share of heat produced by CHP and decrease fuel consumption. 
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Modeling is one of complicated forecasting methods. Mathematical 
modeling means the description of economical vision by using mathematical 
formulas, equations and inequalities. Models become often useful when 
analyzing complex systems with large amount of data. The most popular tool 
for new capacity planning is energy planning models, where using 
comparatively low input data could get reliable results.  

Models are built for various purposes and consequently have different 
characteristics and applications. The energy models could be classified as 
follows: by purposes of energy models (general and specific), the model 
structure (internal and external assumptions) and the analytical approach 
(top-down, bottom-up, hybrid), by the methodology, the mathematical 
approach (linear, mixed-integer and dynamic), geographical coverage, 
sectoral coverage, the time horizon and data requirements [9]. 

In recent years, the total number of available energy models has grown 
extremely because of the expanding computer possibilities. The main 
modeling problem has been the lack of baseline data or inexact input data, and 
the model’s results are used in the case of reliable and accurate baseline data. 
For investigation of the opportunities of new heat energy supply alternatives in 
Narva two energy planning models, EnergyPlan and RETScreen® Inter-
national models, were reviewed. These models were analysed and the 
scenarios were calculated for comparing the difference between the results of 
two chosen models and finding out whether the results are reliable.  

The EnergyPlan model is a computer model for energy system analysis. 
The main purpose of the model is to assist the design of national energy 
planning strategies on the basis of technical and economic analyses of the 
consequences of different national energy systems and investments. The 
model can be used for different kinds of energy system analyses: technical 
analysis, market exchange analysis and feasibility studies. The EnergyPlan 
model consists of the following overall structure components: Front page, 
Input, Cost, Regulation, Output and Settings. Inputs defined by the user are 
presented in three sections: Input, Cost, and Regulation [10].  

RETScreen® International is a clean energy awareness, decision-support 
and capacity building tool. The core of the tool consists of a standardized 
and integrated clean energy project analysis software that can be used 
worldwide to evaluate the energy production, life-cycle costs and green-
house gas emission reductions for various types of energy efficient and 
renewable energy technologies. Five steps of the standard project analysis of 
RETScreen flow charts are Energy Model, Cost Analysis, Greenhouse Gas 
Analysis, Financial Summary and Sensitivity & Risk Analysis.  

High-quality but low-cost pre-feasibility and feasibility studies are critical 
to helping the project proponent “screen out” projects that do not make 
financial sense, as well as to helping focus development and engineering 
efforts prior to construction. Each step of this process could represent an 
increase of one order in expenditures and a halving of the uncertainty in the 
project  cost-estimate.   This  is  illustrated  in  Fig. 2,  where  the  level  of  un- 
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certainty in estimates decreases from ±50% to 0%, while the energy project 
implementation process is progressing from the pre-feasibility to the 
commissioning stages [11]. 

Using these two models four scenarios (pre-feasibility studies) of build-
ing new capacity in Narva were generated and analyzed: 

− Scenario 1: Oil shale CHP unit at Balti PP. 
− Scenario 2: CHP unit, where the main fuel is natural gas. 
− Scenario 3: Boilerhouse, where the main fuel is natural gas. 
− Scenario 4: Biomass/Peat CHP unit. 

First, the selection of scenarios was based on local oil shale availability 
from this region where oil shale-based Narva Power Plant works, and second 
on the possibility to compare cogeneration technology and boilerhouse 
economy. 

The annual heat energy demand in Narva is about 475 GWh. Expected 
thermal capacity of units is about 170–175 MW and electrical capacity about 
60–65 MW. The annual electricity production at units in the case of 
Scenarios 1, 2 and 3 would be approximately 160 GWh. The main input data 
for these analyses are the production of electricity and heat, fuel types, fuel 
costs, efficiency of processes and the investments of projects according to 
the available data. The investment and other costs are informative and 
needed further research for more accurate analysis. Also the existing library 
of distribution data of Nord Pool electricity prices in 2006 in the EnergyPlan 
model was used. For all four scenarios the primary energy consumption, CO2 
emissions and production price were calculated and compared.  

Using RETScreen Software in the Financial Summary worksheet it is 
possible to calculate several financial feasibility indicators such as internal 
rate of return IRR, the net present value (NPV) and simple payback of the 
projects.  

The internal rate of return IRR is the discount rate that causes the NPV of 
the project to be zero. It is calculated by solving the following formula for 
IRR: 

0
0

(1 )

N
n

n
n

C
IRR=

=
+∑ ,          (5) 
 

where N is the project life in years and nC – the cash flow for the year n.  
The net present value NPV of a project is the value of all future cash 

flows, discounted at the discount rate, in today’s currency. It is calculated by 
discounting all cash flows as given in the following formula: 
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where nC% is the after-tax cash flow, r – the discount rate. 
The simple payback SP is the number of years it takes for the cash flow 

(excluding debt payments) to equal the total investment, which is equal to 
the sum of the debt and equity: 
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where C is the total initial cost of the project, IG – the incentives and grants, 
enerC  – the annual energy savings or income, capaC  – the annual capacity 

savings or income, REC  – the annual renewable energy production credit 
income, GHCC  – the GHG reduction income, O MC α  – the yearly operation 
and maintenance costs incurred by the clean energy project, fuelC  – the 
annual cost of fuel or electricity [11]. 

Results 

• The relative heat losses in the Narva old network are about 18–19%. In 
Swedish typical networks relative heat losses are 7–9%, and there is the 
similar heat demand concentration than in Narva: 5–7 MWh/m, but 
much better heat insulation of pipes: overall heat transfer coefficient is 
0.9–1.1 W/(m2K) (in Narva 1.8–2.0 W/(m2K)), more than two times less 
than in Narva network. Efficiency of heat insulation for Narva network, 
which is estimated by the overall heat transfer coefficient, is about three 
times less than the same value for the ordinary Swedish networks. Total 
overall heat transfer coefficients before and after prospective optimiza-
tion for Narva DH network are presented in Fig. 3. 
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Fig. 3. Total overall heat transfer coefficient before and after prospective optimiza-
tion for Tallinn and Narva district heating networks. 
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• After optimal selection of network pipes’ diameters (new optimal average 
diameter will be 0.198 m), according to consumers real heat demand and 
total renovation of pipes (replacing by the preinsulated pipes), relative 
heat losses drastically decrease. Relative heat losses, for example in Narva 
network decrease from 17–18% to 7–8%. As we can see, decreasing 
potential of heat losses is very big. After optimization and total renovation 
of old networks, heat losses can decrease up to three times. Recently, a 
considerable tendency for reduction of the overall heat transfer coefficient 
in the DH networks in Narva was observed (from 2.3 W/(m2K) to  
1.8–2.0 W/(m2K)). This reduction is caused by replacement of old  
thermal insulation of DH network sections with new one (main pipelines 
TM1 and TM2 in 2003–2005). Several “wet” sections of the network can 
significantly increase the value of the heat transfer coefficient. Replace-
ment of these sections will significantly decrease the overall heat transfer 
coefficient. Table 1 presents the major characteristic parameters found for 
Narva old unoptimized DH network. For the observed network also 
optimization calculations were done, and it was determined, how much 
these values would improve. 

• The calculations made in the EnergyPlan and RETScreen model and 
their results are presented in simplified tables (Tables 2, 3), and 
comparison of the results of two energy planning models is presented in 
Table 4. The simplified tables use the relative information about fuel, 
investments, primary energy and production prices considering that in 
the case of changes in fuel and investment costs the price relations will 
be same. The production prices include the electricity and heat energy 
production prices and could be put together because of the same 
combined power plant total output. Generally, the RETScreen model 
uses a hybrid method for calculation the heat and electrical energy price, 
where variable costs are shared: fuel, electricity and environmental 
charges in accordance with the physical method as well as fixed costs in 
accordance with heat and electricity production. The electricity price 
could be the input parameter as well. The Energy Plan model uses the 
existing library of electricity and heat prices. In this case the existing 
library of distribution data of Nord Pool electricity prices in 2006 was 
used. 

• The difference between the results of EnergyPlan and RETScreen 
models for production price is approximately 5% in Scenarios 1, 2 and 4, 
primary energy consumption per production for all scenarios is about 
4%, and for CO2 emissions in Scenarios 1, 2 and 3 is 4.3% (see Table 4). 
The higher production price in Table 3 compared with the results of 
Table 2 at the same investment and with better use of primary energy is 
explained by more accuracy and the difference in the characteristics of 
the equipment of the second model (RETScreen). In this analysis the 
investment and other costs are informative and need further research for 
a more accurate analysis. 
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Table 2. Results of applying EnergyPlan model 

EnergyPlan Fuel,
kr/MWh

Investments, 
mln.kr/MW 

Production 
price, 

kr/MWh 

Primary energy 
consumption per 

production, 
GWh/GWh 

CO2 
emission, 

Mt 

1. Scenario  
   (Oil shale unit at Balti 
   PP) 

54 1.3 1 080 1.42 0.33 

2. Scenario 
   (CHP – main fuel is nat. 
   gas) 

305 1.0 1 165 1.19 0.15 

3. Scenario 
   (Boilerhouse – main 
   fuel is nat. gas) 

305 0.5 665 0.85 0.11 

4. Scenario 
   (Biomass/Peat CHP) 

62 1.0 861 1.23 0.00 

 

Table 3. Results of applying RETScreen model 

RETScreen Fuel, 
kr/MWh

Investments, 
mln.kr/MW 

Production 
price, 

kr/MWh 

Primary energy 
consumption per 

production, 
GWh/GWh 

CO2 
emission, 

Mt 

1. Scenario  
   (Oil shale unit at Balti 
   PP) 

54 1.3 1 255 1.39 0.32 

2. Scenario 
   (CHP – main fuel is nat. 
   gas) 

305 1.0 1 177 1.15 0.15 

3. Scenario 
   (Boilerhouse – main 
   fuel is nat. gas) 

305 0.5 665 0.81 0.10 

4. Scenario 
   (Biomass/Peat CHP) 

62 1.0 870 1.18 0.00 

 

Table 4. Results of comparing EnergyPlan and RETScreen models 

EnergyPlan vs. RETScreen Production price, 
kr/MWh 

Primary energy 
consumption per 

production, GWh/GWh

CO2 emission, 
Mt 

1. Scenario 
   (Oil shale unit at Balti PP) 

–175 –14.0% 0.03 2.0% 0.01 3.7% 

2. Scenario 
   (CHP – main fuel is nat.gas) 

–12 –1.1% 0.04 3.3% 0.01 3.5% 

3. Scenario 
   (Boilerhouse – main fuel is 
   nat.gas) 

0 – 0.04 4.4% 0.01 5.6% 

4. Scenario 
   (Biomass/Peat CHP) 

–9 –1.1% 0.05 4.2% 0.00 – 
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• The RETScreen energy model has more detailed input requirements for 
new energy capacity planning and therefore it could be more useful for 
such kind of analyses. Also the RETScreen model has the possibility of 
detailed selection of technical equipment and calculation of financial 
indicators. The EnergyPlan model is more useful for planning the energy 
balance for the whole country and for the new capacities while it does 
not enable to calculate the financial feasibility indicators and payback of 
the project. However, both of the models could be equally used for the 
pre-feasibility study of new capacity planning projects. The differences 
in the results of reviewed models are marginal, the models are indicative 
of scenarios’ development and could be useful for comparing the 
fundamental technological processes. One of the advantages of using 
these models is that they allow to get reliable results using comparatively 
low input data. 

• According to the pre-feasibility study, using given input data all of 
scenarios have positive NPV, IRR and could be applicable for a more 
detail analysis. For further analysis the additional research of input data 
is needed. The most attractive scenario is Scenario 4 with building 
biomass/peat CHP; simple payback is about 7 years. The building of 
CHP or boilerhouse (Scenario 2, 3) using natural gas could be under 
consideration, because of the high cost of fuel, despite of less initial 
investment costs of the project in Scenario 3 the payback is 11 years. 
The payback of Scenario 2 is 13 years. The usage of oil shale as the 
main fuel of unit in Scenario 1, where payback period is 9 years, could 
be competitive and has obvious advantages: availability of the local fuel 
and stable supply, the possibility to generate electricity additionally, the 
location of new unit in the existing power plant. The results of the 
financial feasibility indicators are presented in Fig. 4. 
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Conclusions 

This paper presents the estimation of actual conditions of Narva district 
heating networks, technical-economical argumentation for renovation of 
district-heating networks and the results of four scenarios modeling heat 
supply alternatives in Narva using energy-planning models.  

After optimization and total renovation of old networks, heat losses can 
decrease up to three times. The major characteristic parameters for Narva 
district-heating network before and after prospective optimization are pre-
sented, and comparison with ordinary Swedish networks is given.  

Modeling of heat energy supply alternatives in Narva is analyzed to 
compare the economy of oil shale condensing extraction turbine block usage 
with biomass CHP, natural gas CHP and boilerhouse. The results of 
reviewed models differ marginally depending on the difference in the 
characteristics of the equipment of the models. The models are indicative for 
scenarios’ development and could be useful for comparing the fundamental 
technological processes. The advantage of using these models is that they 
allow to get reliable results using comparatively low input data. The 
financial analysis shows the competitiveness and the advantages of using the 
oil shale CHP. 
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