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Topicality of the doctoral thesis

In recent years the European Union has published various directives and regulations
determining and regulating increase in the proportion of renewable energy resources in primary
energy resource balances as well as decrease in energy consumption due to increasing energy
efficiency. The three most important of these directives, which will influence the development
of national energy sectors in the long term, concern energy services, renewable energy
resources and energy efficiency.

No less important are the short-term objectives in the energy and climate package, which
must be achieved by 2020. This also confirms the importance of the issue of reducing
greenhouse gas emissions, which determines the influence of the energy sector on global
climate change. The development of a low carbon energy system with a minimal proportion of
fossil fuels and maximally high energy efficiency is not only an innovative solution on the
national level but also a matter of human survival.

An essential player in the energy sector in the Nordic and Baltic countries is centralised
district heating, the operations of which are targeted by all of the above-mentioned European
Union directives as well as the climate and energy packet. The efficiency of centralised district
heating systems depends on the energy efficiency of all three of their components: the energy
source, heat networks and the energy consumer.

Likewise of importance is the operational effectiveness of each separate component. The
energy efficiency of the boiler house while operating at variable modes of operation, changes
in the differing domestic heat consumption and also the broad range of heat network loss
demand special attention. However, the most important benefit can be achieved if the analysis
is aimed at the centralised district heating system (CDHS) as a unified whole. In order to
evaluate and analyse the possibilities of increasing CDHS energy efficiency, not only is a
method for the objective determining of operational effectiveness needed but also indicators
that most precisely determine and evaluate the technological, economic, environmental and
climatic aspects, which are based not only on an analysis of current district heating system
operational experience but also allow the researcher to predict the potential decrease in primary
energy resources.

Goal and tasks of the doctoral thesis

The goal of this thesis is to develop and approbate methods for evaluating existing and
new technological solutions of district heating systems from the perspective of energy
efficiency, cost and environmental protection. The following tasks have been set forth in order
to achieve the goal:

1. analysis of the possibilities and results of integrating a flue gas condenser and heat

pump into a district heating system;

2. development of an evaluation diagram for the operation of a boiler house with

condenser;

3. creation of an energy management system at a System’s energy source by determining

energy efficiency characterising indicators, benchmarks and changes in indices;

4. economic evaluation of the use of a flue gas condenser at a system’s energy source

based on an analysis of operational data;

5. evaluation of a district heating system’s influence on the environment.

Methodology of studies

Two research approaches have been used in developing the study. The first approach
concerns the creation of models and the modeling of the quantities studied. This pertains to the
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study of the integration of a heat pump into a district heating system and the study of the
system’s eco-intensity. The second approach is based on an industrial experiment, or, the
statistical processing of the business’ operational data using the correlation and regression
analysis methods, thereby obtaining empirical equations that are used in the modeling of
parameter changes. Wherever possible, the results of the modeling have been compared with
the experimental data.

Scientific significance of the doctoral thesis

A complex study of the possibilities of increasing the energy efficiency of a district
heating system that uses a flue gas condenser and heat pump has been performed. The influence
of efficiency-increasing measures on the environment have been evaluated using eco-intensity
indicators.

A new heat pump integration scheme has been developed for using a district heating
system’s return heat to partially cover consumers’ heat load. A model has been created and the
heat pump operations have been modelled in variable climatic conditions. A nomogram for the
distribution of the boiler house’s load between the boiler and the condenser has been developed
and approbated, and this nomogram can be used to evaluate the current operations of a district
heating system as well as to make predictions.

Practical significance of the doctoral thesis

Studies of increasing a district heating system’s energy efficiency are an important step
towards the efficient use of renewable energy resources in Latvia’s energy sector. The results
of the thesis have practical significance both on a national as well as regional and local level.
A gas condenser can be installed in any boiler house burning wood chips in the effort of
improving energy efficiency, and consumption of energy resources can be decreased by up to 20%.

The computer model provided can be used to evaluate the use of a heat pump; it evaluates
the decrease in the district heating system’s return water temperature and the increase in
effectiveness of the flue gas condenser installed in the boiler house. Benchmarks for specific
heat rate and specific incremental heat rate provided to the boiler house energy management
system can be used to ensure the system’s energy efficiency.

In total, the study results can be used to plan energy efficiency measures and to determine
the influence of such measures on a district heating system’s operations as well as to perform
studies of system development projects and to evaluate indicators of the implementation and
operation of systems, taking into account both the technical limitations and possibilities as well
as an analysis of environmental and economic aspects.

Structure and description of the doctoral thesis

This thesis is based on five [1; 2; 3; 4; 5] main publications and an overview of other
studies performed and published by the author. The goal of the overview is to expand the range
of district heating system issues to be studied with other studies [6-12] performed and published
by the author and to accent the interconnection of these studies. This thesis consists of an
introduction and three chapters:

1. Overview of the literature;

2. Study methodologies;

3. Study results and analyses thereof.

In the introduction, the study goals and tasks are defined, the structure of the thesis is
explained, and a short description of the author’s studies is given that covers both the main
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publications and other studies by the author regarding the analysis of district heating systems.
Chapter One provides an overview of the literature and focuses on the necessary studies
regarding aspects of district heating system operations and the improvement thereof as
examined in the main publications. Chapter Two examines the methodologies of the issues
studied in the main publications. The results obtained in the study and the analysis thereof are
presented in Chapter Three. Conclusions are presented at the end of the thesis.

An overview of the doctoral thesis author’s studies of the centralised district heating
system in the town of Ludza

Introduction to the overview of studies

Centralised district heating plays a main role in the Scandinavian and Baltic countries. In
Latvia, centralised district heating currently covers 80% of the total energy consumption for
heat supply. In order for such a system to develop sustainably, technological improvement of
systems and a gradual transition to third- and fourth-generation systems is necessary. For this
to happen, a complex evaluation of indicators characterising existing systems and possible
improvements is necessary.

The RTU Institute of Environmental Protection and Heating Systems has performed
studies of increasing the energy efficiency of centralised district heating systems. It has also
developed or adapted various methods for the evaluation of centralised district heating systems
that include the influence of technological solutions on the economically and environmentally
friendly operations of a system. The evaluation models have been tested for the centralised
district heating system in the town of Ludza and are shown in Figure 1.

Energy-efficient district
heating systems

l Evaluation methods |
| | | | lI | | ]
Economic Eco-intensity Creation of energy Creation of heat Creation of
analysis method management model pump model load nomogram

Fig. 1. Evaluation methods

Each district heating system is a complex whole of technological solutions consisting of
separate elements that must be examined as a united system. It is a system whose effective
operation depends on the development of economically justifiable and environmentally friendly
technological solutions. The goal of this section is to provide a general overview of the complex
evaluation of the district heating system, which is then examined in more detail in subsequent
sections.

Short description of the solutions used

Influence of a decrease in the district heating system temperature schedule on
operational indicators

Study [6] examines a universal method that can be used to calculate the optimal flow and
temperature modes for centralised district heating networks that offer the lowest operation costs
based on significant amounts of data gathered by SIA “Ludza Bio-Energija” regarding the
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operations of the Ludza municipal CDHS at various heat loads. An analysis of the results shows
that decreasing the temperature can be considered an economically beneficial measure because
the financial resources saved by the decrease in heat loss exceeds the expenses created by
ensuring a more intensive heat carrier circulation.

Use of a flue gas condenser at a district heating system’s source

The results show that a district heating system’s energy efficiency can be increased by
installing a flue gas condenser in the boiler house, thereby making fuller use of the heat released
during fuel combustion [7]. The heat recovered with the aid of the condenser is used for primary
heating of the heating network return water, and the condenser’s efficiency depends on how
effectively the heat transfer takes place on the energy consumer’s side. This, as well as the
boiler house temperature schedule, determines the temperature level in the heating networks.
Regarding the flue gas condenser, its operation is significantly influenced by the heating
network return temperature. The lower the return temperature, the more effective the vapour
condensation from the flue gases and the greater the recovered phase transition heat. As the
temperature of the return water increases, the condenser’s heat capacity decreases because the
heat transfer between the heating network and the condenser’s water circuits in the network
water heat exchanger is poorer. The water heated in the condenser is cooled less effectively in
the network heat exchanger and is sprayed through the nozzles into the condenser at a higher
temperature. At higher spray water temperatures, the dry heat transfer between the droplets and
flue gases as well as the mass transfer worsens.

Installation of a condenser at a district heating system’s heat source increases the system’s
energy efficiency and allows the consumer load to be covered with a smaller capacity boiler. It
is important to determine the load distribution between the boiler and condenser at variable
system operation conditions. Based on an analysis of data from the Ludza district heating
system over the course of a heating season, study [2] examines in more detail the influence of
the parameters of interaction between the condenser and the district heating system, network
return temperature and boiler capacity on the condenser’s efficiency. The study offers a
nomogram to evaluate condenser effectiveness and distribute the heat load between the boiler
and condenser during the heating season. Primary resource consumption is decreased by 11.8%
during the heating season due to the installation of a condenser after the wood chip boiler.

The influence of heat losses and flue gas condenser effectiveness on a system’s energy
efficiency are analysed in more detail in study [9]. It shows that a system’s efficiency is
determined by changes in the relative ratio of condenser capacity and heat losses, the character
of which differs depending on the outdoor temperature. A condenser’s relative capacity
increases quadratically as the outdoor temperature increases. The increase in relative losses is
small at low outdoor temperatures, and further increases in outdoor temperature are linked with
a distinct increase in relative heat losses. Changes in quantities are quantitatively described by
curve gradients.

Integration of a heat pump in a district heating system

The energy efficiency of a district heating system can be increased in various ways: by
optimising the system’s operation parameters or by integrating new, innovative elements into
the system. Among the latter are flue gas condensers and heat pumps. Study [1] examines the
use of a high-temperature heat pump installed in the heating network return pipe to partially
cover consumer load. It has calculated a heat pump installation diagram and conducted
modelling of changes in the system’s operational parameters during the heating season. The
calculation model consists of equations of district heating system elements and the balance
between the heat pump’s energy and mass and empirical equations gained from the processing
of the system operations’ experimental data, which describe the network water flow as well as
changes in the supply and return water temperatures during the heating season. The calculations
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show that the use of a heat pump can cover the load for a part of the consumers and, more
importantly, lower the return temperature compared to a scenario in which there is no heat
pump. This means that the temperature in the flue gas condenser’s heat exchanger in the boiler
house is lower and that the energy efficiency of the condenser increases.

Creation of an energy management model

As a result of the experimental study of boiler house operations, it is possible to create a
database summarising indicator values and empirical correlations and curves describing the
changes therein. The creation of such a database allows energy management measures to be
introduced in order to increase the energy efficiency of the boiler house and critically evaluate
current operation practice. Study [3] analyses energy management aspects of a wood chip boiler
house based on operational parameters gathered over the course of many years. Specific heat
rate and specific incremental heat rate indices, which are determined using measured boiler
house operational data, are used to describe boiler house operations. Specific heat rate
benchmarks are curves with a distinct minimum. The character of the curves is determined by
idle fuel consumption and changes in boiler efficiency. The study examines issues related to
the creation of a database and the realisation of constant energy management measures at the
production process level.

Eco-intensity of district heating system operations

The eco-intensity of a district heating system’s operations describes the ability to increase
the quantity of heat energy produced by the boiler house, delivered to the heating networks and
received by the energy consumer without increasing the consumption of fuel. Consumption of
natural resources, environmentally harmful emissions and greenhouse gas emissions are all
thereby decreased, which underscores the link between environmental solutions and energy
efficiency. A study of district heating system eco-intensity has been conducted in paper [5].
The eco-intensity of a district heating system is characterised by the mutual interaction of
parameters. The mathematical description of eco-intensity consists of a system of equations.
Equations provide answers about the set of independent variables that are included in the eco-
intensity evaluation model and help to make decisions about ways to optimise district heating
system operations. In the study, eco-intensity is characterised by a decrease in the consumption
of fuel.

Analysis of fuel diversification at the heat source. Potential of GHG decrease.

Paper [11] describes the mathematical model and algorithm developed by the author that
compares and evaluates (from the economic and ecological aspect) various alternatives for the
diversification of fuel in order to quickly and justifiably choose the most advantageous solution.
The devised method has been tested on the boiler house in the village of Adazi. When
diversifying fuel in centralised district heating boiler houses, it is important to find not only
economically optimal solutions but to also strictly evaluate the solution’s influence on the
environment and climate. This method has therefore been developed in such a way that it helps
to evaluate and compare various types of fuel diversification from the economic as well as
ecological aspect.

Economic analysis of the use of a fuel gas condenser at a district heating system source

The goal of study [4] is to analyse the cost of fuel in a small-capacity wood chip boiler
house and the cost of condenser operation in an effort to evaluate the decrease in cost when a
fuel gas condenser has been installed. The examined fuel cost chain consists of the actual cost
of fuel, the hourly cost depending on capacity and the specific cost per unit of produced energy.
The object of study is the heat source of the centralised district heating system in the Latvian
town of Ludza, namely, a boiler house with a wood chip boiler that has had a direct-contact
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condenser installed. The analysis of the specific costs of the flue gas condenser shows that the
condenser has a capacity benchmark above which financial savings can be noticed. As capacity
falls below the benchmark, the condenser operates at a loss and its operating costs are greater
than its income as determined by savings of wood chips. The analysis shows that during the
nine months of the 2012-2013 heating season the condenser was operated with financial savings
as well as without. The total evaluation consists of the balance between specific weighted gains
and losses, which determines the specific weighted pure income earned during the time period.
The economic effect of turning off the condenser during times of low capacity is also examined.

Exergetic analysis of a district heating system

Heat system analysis methods examined by the author have up till now been based on
quantitative evaluations of flows and losses. They have not taken account that various types of
energy have different exergetic qualities, which is evaluated according to the possibilities for
its use. In order to cover consumer heat load, heat energy and electric energy are needed to
deliver the heat to the consumer via pumps. Energy analysis methods examine the total energy
in relation to the energy balance. Exergetic analysis methods use a more complete and unified
characterisation of energy — exergy — whose electrical energy is higher than that of heat energy.

Study [12] offers a method for the calculation of a district heating system’s exergy. The
mathematical side of the district heating exergetic model consists of the exergy balance. The
model has been approbated based on the Ludza municipal centralised district heating system.
In order to evaluate the district heating system model, the exergy factors for the 2010-2011
heating system at various district heating system parameters have been determined, which have
then been analysed and compared with district heating systems in other countries. Exergy losses
in various district heating system elements have also been evaluated. The results show that an
exergy analysis i1s a much more complete method of showing the analysed system’s
performance than a simple energy analysis.

Approbation of the study
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1. RESEARCH METHODS
1.1. Description of Ludza centralised district heating system

1.1.1. Characteristics of the district heating system source

The Ludza boiler house has been operating since 2000 and uses wood chips for fuel,
which are bought from local providers. The boiler house is equipped with a biomass combustion
boiler after which a flue gas condenser (made and patented in Latvia) was installed in 2010 for
further recovery of energy from flue gases.

Measured data from the boiler house’s operations over the course of several heating
seasons from 2010 to 2013 have been used for the analysis of the system.

Data have been measured to define the following parameters, upon which the district
heating system’s operations were then evaluated:

1. boiler capacity;
condenser capacity;
total boiler house capacity;
water temperature in the condenser circulation loop before and after heat exchanger;
supply and return temperature of network water;
electricity consumption in the boiler house;
electricity consumption of condenser;
monthly wood chip consumption.

Nk WN

Employees measure and record the data once every three hours from the automation and
control unit as well as from the meters on the boiler and condenser. The condenser cools the
flue gases to approximately 60 °C and heats the water that is used to preheat the heating
system’s return water. The film of condensation that appears on the heat transfer surface
promotes the precipitation of particulate matter from the flow and the absorption of gaseous
components. It has been found that particulate matter emissions can be decreased by up to
33-44%. A separator is used to separate the particulate matter that is collected. The water level
in the separator rises due to the formation of condensate, and some of the water together with
the particulate matter is drained off in the form of pulp. The condensate creates an acidic
environment and NaOH is used to neutralise this environment. The acidic environment is
created by the condensate’s soluble oxides, which are found in the flue gases.

1.1.2. Characterisation of the district heating system’s heat networks

The heating networks in the Ludza centralised district heating system are designed for
steam, a gaseous heat carrier. This is because before 2000 heating in the town of Ludza was
provided by mazut-burning boilers. The diameters of the heating network are small when
compared with other centralised district heating systems. One main heating network pipe with
an inner diameter of 0.263 meters leads out of the boiler house, and the length of this main
heating network is 2029.5 meters, at the end of which the inner diameter is 0.07030 meters. The
branches off the main heating network connect 108 objects that require heating: homes,
childcare facilities, schools, hospitals and the Ludza town hall. The total length of the Ludza
heating network is 9770 meters.

1.2. Integration of a heat pump into the district heating system

1.2.1. Connecting the heat pump

The issue of study is connected with insufficient heat supply to one group of consumers
within the district heating system. The temperature of the heat carrier must be raised before is
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reaches the consumer group. This can be done by raising the temperature of the whole system
at the boiler house exit or by setting up additional capacity to raise the temperature for the
consumer group. A version for the use of a heat pump has been examined here. The study
creates a diagram for connecting the heat pump and calculating the temperature changes within
the district heating system that are caused by the heat pump. This diagram for connecting a heat
pump to the district heating system is shown in Figure 1.1:

Consumer 2

A M2 L1 P tpul / my. tpul N_[ l Mon. teont
tp =\ -
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Relief valve  Pump T Mgy, toup
: cooler Compressor
= e
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E T \ ‘_‘.‘
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e « Throttling

VAN valve teon2
M3 h-[‘;:L-JJ.
A A .

M4 tyap ™ Vaporiser
S A
Boiler
house

Fig. 1.1. Integration of a heat pump into a district heating system

The heat pump is connected to the heating network return and, by mixing in a portion of
the supply network water, it is intended to ensure the necessary heat load to the consumer group.
The mixing in of supply water is necessary in case the heat pump’s capacity is not enough to
cover the consumer group’s load or in case the heat pump is unable to operate properly.

After Consumer 2 at node M2, the return network water is diverted and sent to the heat
pump’s gas cooler. The flow of the diverted return water is ms. The portion of supply water
Msyp IS also diverted to node M3. Both flows come together at node M1 and create the consumer
flow mcon. After the consumer, the heat carrier flow mcon flows through the heat pump vaporiser,
after which the flow is introduced into the return heating network at node M4.

The task of the heat pump is to raise the water temperature before the consumer teont in
such a way that consumers achieve the necessary indoor temperature in their homes when
outdoor temperatures are low. This is done by mixing the portion of return water heated in the
heat pump’s gas cooler ms with the portion of supply water msyp. The sum of the flows mcon is
a quantity that corresponds to the consumer’s water flow and changes depending on the outdoor
temperature. It is important to remember that flows ms and msyp are related quantities — as msup
increases, ms decreases and vice versa. In order for the gas cooler to heat the diverted return
network water ms, the heat pump receives heat from the vaporiser, which has been turned on in
the consumer’s return. The return water temperature tvsp IS lower after the heat pump’s
vaporiser. This lessens heat loss in the return and increases the efficiency of the flue gas
condenser installed in the boiler house.
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1.2.2. Model of a district heating system with a heat pump

The calculation of the diagram for the integration of a heat pump into a district heating
system creates a model that includes the empirical and analytical correlations and algorithm
necessary for the calculations. The goal of the calculation is to determine the temperature of the
diverted return network water after the heat pump’s gas cooler tpu2, the flow of the diverted
water through the heat pump’s gas cooler ms, the return water temperature after the heat pump’s
vaporiser tvap, the return water temperature after the consumer and the mixed-in supply water
flow msyp. The calculation assumes that the heat pump operations result in a water temperature
before the consumer tcon1 that is At °C higher than the supply network water temperature tsup.
The unique aspect of this calculation model is that it unites empirical equations characterising
district heating systems that are obtained by processing and developing analytical expressions
of experimental data that characterise the system’s operations. The analytical correlations have
been obtained by using equations of the diagram elements and the mass and energy balance of
the nodes. The diagram’s calculated algorithm, which consists of 16 blocks, is shown in Figure 1.2.

Input data
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tsup:f(tout) y

Choose
another tou?

tret:f(tout) )
A'[t:f(tout) y
mcon:f(tout) Output
tvap,tconl,tconz,
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Calculate
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[/ LT

Calculate tpu.

v
/ Output tpu. /

Fig. 1.2. Calculated algorithm of a heat pump
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The mass and energy heat balances in node M1 and the heat balance of the heat pump’s
gas cooler are used to obtain an expression from the total heating network to determine the
diverted supply water flow:

QCO

7_Att “Meon
_ 419

S t —t 1

sup ret

m

(1.1)

where

ms — return water flow through gas cooler, kg/s;
Qco — capacity of heat pump’s gas cooler, kW;

At — increase in temperature before consumer, °C;
Mcon — consumer’s water flow, kg/s;

tsup — supply network water temperature, °C.

The temperature of the diverted water after the heat pump’s gas cooler is determined using
an equation of the heat balance at node M1 in the diagram:

m

S

m
tpu2 = tsup + Att ( conJ (12)

The maximum possible water temperature after a high-temperature heat pump is around
90 °C. Therefore, the tpy2 temperature obtained in the calculations is compared with the
permissible temperature and, if it is not higher than 90 °C, the calculation is continued.
Otherwise, the calculation is begun again with a higher outdoor temperature. The outdoor
temperature is changed in increments of 1 °C.

When using the consumer’s heat balance equation, the water temperature after the
consumer is calculated with the following expression:

QCO n

t —_
4.19-m,,

to,p + AL, — (1.3)

con2

where
Qcon — consumer’s heat load, kW.

The post-consumer water flows through the heat pump’s vaporiser, where the water
temperature decreases to tvap. The following equation is used to calculate the water temperatures
after the heat pump vaporiser:

Qcon + Qvap

T
* con

vap , (1.4
where
Quap — capacity of heat pump’s vaporiser, kW.

As seen in Figure 1.1, at node M4 water with a temperature of tvap mixes together with
the network water after the second consumer and is further diverted to the boiler house. If tyap
is lower than the return water temperature tre, then the return water temperature in the boiler
house decreases.

The necessary mix of supply water is determined from the material balance at node M1:
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msup =My —M (1.5)

The water temperature supplied to the consumer is raised in cases of low outdoor
temperature, and this is determined as:

tconl = tsup + Att (1-6)

The calculation is performed for the whole range of outdoor temperature changes.
1.3. Method for creating a nomogram for a condenser

A nomogram, which determines what boiler house load can be covered with a boiler and
what load can be covered with the help of a condenser, has been developed for the Ludza
municipal district heating system source, which has been equipped with an 8 MW wood chip
boiler with a direct-contact condenser. Boiler house operations have shown that at low outdoor
temperatures the wood chip boiler’s capacity can be increased to 10 MW with good-quality
fuel. The study has been performed by analysing operational data from the Ludza district
heating system during the 2012-2013 heating season with correlation and regression statistical
analysis methods. The Statgraphics Plus programme has been used for the statistical data
processing. The analysed data set contains 474 modes and 17 parameters. The goal of the data
analysis obtained in the industrial experiment is to determine the set of statistically significant
operational parameters that significantly influences the effectiveness of the condenser’s
recovery of heat as well as to determine a multi-regression equation binding the parameters and
evaluate its adequacy.

In order to evaluate the condenser’s operations, an indicator for the condenser’s
effectiveness has been chosen, which is defined as:

E. =N, 200 o (1.7)
Nb

where

Nc — condenser capacity, MW;

Nb — boiler capacity, MW,

The condenser effectiveness indicator shows what portion of the boiler capacity can be
recovered by a deep cooling of the flue gases.

As the result of the statistical analysis, an equation has been obtained that connects the
condenser effectiveness indicator with seven statistically significant independent variable
parameters:

E, =7.84433+0.0793491- G, —1.82416 - K, +0.394416 - K, —

1,
~1.96617- N, —0.0255361-t,, +0.966587 -t,, —1.07522 1, (18)

The variance analysis shows that the independent variables are statistically significant to
a confidence interval of 95%. Equation (1.8) explains 94.6 % of the Ec changes. The
independent variables in the equation are:

Np — boiler capacity, MW,

Gt — water flow in the heating network circuit of the network heat exchanger, m%/h;

tgo — temperature of flue gases after the flue gas condenser, °C;

tko — water temperature after the condenser and before the network heat exchanger, °C;

tr — temperature of the return network water before the network heat exchanger, °C;

Ksh — water spray coefficient in the horizontal part of the condenser, kg/kgs.g;

Ksv - water spray coefficient in the vertical part of the condenser, kg/kgs.g.
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The range of variable parameter changes during the experiment is shown in Table 1.1.

Table 1.1.
Range of parameter changes
Parameter Gt Ksh Ksv Np tg2 tko tr
Unit of 3 o o o
e m°/h kg/kgs.g. kg/kgs.g. MW C C C
Range 107-216 {0.034-1.005| 3.19-22.04 | 2.8-9.4 | 50-70 | 51-64 | 43.3-58.3
The following correlation is used to determine the water spray coefficient:
G. - p, -1000
&:-L%;——, (L.9)

dg
where
G¢ —amounts of water sprayed through the nozzles in the horizontal or vertical part of the
condenser, m®/h;
Ldg — amount of dry flue gases, kgs.g/h;
pw — water density, kg/m®,

Spray coefficients Ksh un Ksy are chosen depending on whether the water is sprayed into
the vaporisation section of the condenser’s horizontal part or the condensation section in its
vertical part.

1.4. Energy management of a wood ship boiler house with a flue gas condenser

The study is associated with developing a method for the creation of an energy
management system for a small-capacity centralised district heating system and its approbation
in the wood chip boiler house in Ludza. The energy management method includes an evaluation
of the boiler house’s energy efficiency based on operational data obtained from the boiler house
and then processed. The mathematical processing of the data results in an empirical model that
describes the changes in specific wood chip consumption depending on produced heat. That is
the first benchmark. Equations characterising the benchmarks have been obtained for cases in
which the boiler operates with and without a condenser. Seeing as energy management is a
continuous process of the rational use of energy resources, when a system has reached the first
benchmark we must consider what measures must be performed for the subsequent decreasing
of fuel consumption. The provided method is also used for determining these measures.

The study has been performed by using the correlation analysis method to analyse the
monthly operational data from the Ludza district heating system’s boiler house during the
2011-2012 and 2012-2013 heating seasons. The measurements were taken with measuring
equipment set up in the boiler house. Wood chip consumption is expressed in m® using the
volume balance method; it is based on the difference between the amount of fuel bought and in
stock according to the following formula:

V=P+(S-E), (1.10)

where
V — fuel burned during the observed time period, m?;
P — fuel obtained during the observed time period, m?;
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S — stocks of fuel at the beginning of the observed time period (measured with a tape
measure), m?;

E — stocks of fuel at the end of the observed time period (measured with a tape measure), m°.

The fuel’s lowest combustion temperature and density is determined in the laboratory.
Each month, fuel samples are taken from each fuel provider. Following the analyses in the
laboratory, values for the lowest average monthly combustion temperature and density are
calculated. From this characterisation of the fuel, the monthly addition of fuel energy into the
boiler is determined as:

B, =V -Q., 2, MWh¢/month, (1.11)

where

V — monthly wood chip consumption, m;

Qiow™ — lowest combustion heat for wood chips, MWh(/t;
p—wood chip density, t/m?.

By dividing the monthly addition of energy into the boiler B with the number of hours
per month, we arrive at the average monthly capacity of fuel Pr. Similarly, by dividing the
energy measured by the meters with the number of hours per month we arrive at the average
monthly MW boiler capacity Py and the average monthly electrical capacity Pe.

The specific indicators for fuel temperature by and by are determined by dividing the
consumed fuel energy B with the corresponding measured heat energy produced by the boiler
Qo and the heat energy produced by the boiler condenser Quc. Specific electrical energy ee
consumption is determined by dividing the measured monthly electrical energy consumption
Es with the heat produced by the boiler Qu. Thus, the specific indicator values are attributed to

the heat produced by the boiler or the boiler and condenser. The results of the data processing
are shown in Figure 1.3.
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Fig. 1.3. Changes in fuel heat consumed in the wood chip boiler house and the specific fuel
heat depending on the monthly heat energy produced by operating the boiler with and without
a condenser

The curves in Figure 1.3 show the values of the corresponding parameters and changes
therein as energy production in the boiler house changes. Empirical equations describing these
parameter changes have been obtained, and they generally correlate well with the obtained data.
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The square values R? for the correlation coefficient range from 0.86 to 0.99. The poorest
correlation can be observed in the data regarding changes in the specific heat rate for a boiler
with a condenser (R?=0.58). The equations can be used for further data analysis. The obtained
graphs describe the parameter benchmarks for the current situation, and these are necessary for
effective energy management of the boiler house. If energy management measures are
performed in either the boiler house or on the heat consumer’s side, these parameter
benchmarks will change and new graphs will have to be made. This can be done with the
method offered here.

The boiler house is equipped with electricity meters, and these meters separately measure
electricity consumption for a boiler house without a condenser Epn and for a condenser Eco.
Figures 1.4 and 1.5 show the changes in electricity consumption and specific electricity
consumption.
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Fig. 1.4. Changes in a district heating system’s electricity consumption and specific electricity
consumption depending on the amount of heat produced per month

The graph shows good correlation of data, and R? is within the range of 0.85-0.87. The
boiler house itself is the electricity consumer, and the graph does not include electricity
consumption linked to network water pump operations. Equations describing electricity
consumption can be seen in Figure 1.4.
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The boiler house parameter benchmarks can be determined for the whole boiler house or
separately for each main heat production technology (wood chip boiler and condenser). The
benchmarks for consumption Bne and specific heat rate bnc seen in Figure 1.3 describe the
production of heat by the boiler and condenser together. But curves By and by in Figure 1.3
show only the boiler’s heat production benchmark. The distributed benchmark curves seen in
Figures 1.4 and 1.5 show electricity consumption related to heat production in the boiler and
condenser. From the aspect of energy management, preference is given to the distributed
benchmarks because they evaluate which system deviates from the defined benchmark. In
practice, however, one must take into account what kind of operational data are measured in
the boiler house and are available for analysis.

1.5. Economic analysis of the use of a glue gas condenser at a district heating system’s source

The goal of the analysis is to perform a cost analysis of fuel and condenser operations at
a small-capacity wood chip boiler house with the intention of evaluating a decrease in costs in
the case of the installation of a flue gas condenser. The analysis examines the fuel cost chain:
cost of fuel, hourly costs depending on capacity and specific costs per unit of produced energy.

1.5.1. Fuel costs for a boiler and a boiler plus condenser

The following have been obtained and used for the cost analysis of fuel used for energy
production:

1. fuel consumption curve;

2. fuel costs curve;

3. specific heat rate curve;

4. specific heat rate cost curve.

The study has been performed by analysing the monthly operational data from the 2012—
2013 heating season at the Ludza district heating system’s boiler house. Measurements were
taken from meters set up in the boiler house. Fuel consumption is expressed in m® per month of
the balance of fuel bought and fuel remaining in stock. Once a month, the lowest combustion
temperature for fuel from each provider is determined in a laboratory. Based on the character
of the fuel and the amount of fuel consumed, the capacity introduced into the boiler (fuel input)
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Pt MW is determined. Data from the business’ monthly financial reports regarding boiler fuel
and condenser operation costs are used for the cost analysis. The energetic aspects of the
system’s operations are examined in more detail in the energy management section. Fuel costs
are determined by wood chip prices, which are shown in Figure 1.6.
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Fig. 1.6. Changes in wood chip prices at the Ludza boiler house

It is evident that prices fluctuate and are higher during the winter months. An average
price value of cf = 11.46 €/ MWhs has been used for further calculations. The wood chip price
is determined per unit of fuel energy.

The system’s input-output curve is used as a base for determining the fuel cost curve and
for further specific fuel energy and cost calculations. The average monthly boiler Py and boiler
plus condenser Pyc capacity is determined by dividing the monthly produced energy as
measured by meters Qp and Quc With the number of hours per month. The graphs of correlations
Ps = f1(Pp) and Ps = f2(Pnc) form the input-output curves for a boiler and boiler plus condenser.
The fuel cost curve is obtained by multiplying the fuel input capacity Pt by the fuel price c.
Graphs of the curves can be seen in Figure 1.7.
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Fig. 1.7. Input capacity and hourly fuel costs depending on the system’s heat capacity

The figure shows that as the system’s capacity increases, hourly fuel costs also increase.
The trend is understandable because, as generation capacity increases, so does fuel
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consumption. The data correlation analysis shows that fuel costs for a boiler without a
condenser can be described with the following equation:

C, =0.078-P? +13.24- P, +1.685, €/h (1.12)

If the boiler house is operated with a condenser, hourly fuel costs are lower and can be
determined thus:

C,. =0.154-P2 +11.14- P, +1.674, €/h (1.13)

The system’s fuel consumption depending on generation capacity is determined by the
fuel consumption curve. This curve differs from the fuel costs curve only in scale. The scale
factor is the fuel price ct. Equations (1.12) and (1.13) indicate non-linear changes in fuel costs,
which leads one to believe that there might be economically more advantageous and less
advantageous modes of operation.

Specific indicators ensure a more in-depth cost analysis. The specific heat rate indicators
b and bnc are determined by dividing the consumed fuel energy B by the measured heat
produced by the boiler Qy and the heat produced by the boiler plus condenser Qnc. The specific
indicator values determine how much fuel energy must be consumed per one unit of produced
heat energy. Numerically, the same value is obtained by dividing the fuel input capacity P by
the boiler capacity Py, or boiler plus condenser capacity Pyc. If so, then the system’s fuel
consumption curves can be used to determine the specific indicators. By knowing the the fuel
energy unit price cr, €/ MWhy, the fuel component price for a boiler ¢ or boiler plus condenser
Cme, €/MWhp can be determined per unit of produced energy. The results of the quantity
calculations are shown in Figure 1.8.
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Fig. 1.8. Changes in specific fuel consumption and fuel costs depending on generated capacity

The character of the curve in Figure 1.8. indicates that minimums for both specific heat
rate indicators and price per unit of produced heat can be observed at certain heat generating
capacities. The equations describing changes, which are obtained in the data correlation
analysis, are used to determine the fuel price minimum.

1.5.2. Condenser operation costs

When performing measures to increase the energy efficiency of a boiler house, it is
important to know whether they will have a positive economic effect and how large this effect
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will be. Detailed data regarding operation costs are used in the analysis of the condenser. In
order to perform this analysis, operational data from the condenser for nine months of the 2012—
2013 heating season was collected and summarised. This data set was comprised of the results
of direct measurements (produced heat, electricity consumption, water consumption, amount of
ash caught in condenser) and data regarding fuel, electricity, sewerage, ash transportation and
labour costs. Specific indicators were created for the data analysis in which income, costs and
savings were applied to each unit of heat produced in the condenser MWh.. The analysis
examines the specific costs for electricity ce, water and sewerage cws, labour and materials Cim
and ash disposal cash. The sum of the specific costs of separate positions form the total specific
costs for operating a condenser:

Cexp = Cel + Cws + Clm + Cash + Camv €/MWh (1-14)

The financial savings obtained from using a condenser are savings Csay, Which are
associated with the difference between wood chip economy cin and the total costs Cexp. The
condenser operations data obtained via direct measurements and calculations have been
compiled in Table 1.2.

Table 1.2.
Condenser operations data
; 2012 2013
Items Unit
Oct. | Nov. |Dec. | Jan. |Febr.Mar.| Apr. | May | Jun.
Produced heat Q. MWh 137 | 116 | 577 | 563.8 |484.2|529.9/291.5| 90.6 | 23.9
Capacity P MW 0.19| 0.16 | 0.8 | 0.78 | 0.67 |0.73| 0.4 |0.12 | 0.03
Income cin €/MWh, | 142 | 14.1 | 158 | 15.2 | 154|154 | 143 |12.1| 118
EXpenses Cexp €/MWh, | 17.93| 20 |6.14| 6.62 |7.28 |6.82 |10.13| 26 | 79.8
Electricity cel €/ MWh, | 3.46 | 3.36 | 2.6 | 2.88 [3.06| 2.9 | 3.29 | 4.19| 4.26
Water & sewerage Cuws €/MWh, | 1.79 | 1.49 | 0.49| 0.56 | 0.52 [0.54 | 0.74 | 2.24 | 3.75
Labour cost & materials cim | €/MWh, | 0.21 | 0.25 |0.051| 0.052 | 0.06 |0.055| 0.1 |{0.32|1.23
Ash removal Casn €/MWh, | 0.21 | 0.41 | 0.08 | 0.144 |0.168(0.154| 0.24 | 0.75 | 0.57
Amortisation Cam €/MWh, | 12.26|14.51|2.92 | 2.98 | 3.47|3.17 | 5.76 | 185 | 70
Savings Csav €/MWh, | -3.73|-5.92|9.66 | 8.78 | 8.12|8.58 | 4.17 |-13.9| —68

Changes in condenser operation cost elements depending on condenser capacity are
shown in Figure 1.9.
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Fig. 1.9. Condenser operation costs depending on capacity

It can be seen that the changes in costs are steady and with no pronounced minimum. As
condenser capacity increases, all of the specific costs decrease. At low condenser capacities,
amortisation and electricity costs dominate and water and sewerage costs increase. At higher
capacities, the specific electricity and amortisation costs even out.

1.6. Method for studying the eco-intensity of flue gas condenser use in
a district heating system

1.6.1. Eco-intensity of district heating system operations

The eco-intensity of district heating system operations characterises the opportunities for
increasing the amount of heat produced in a boiler house, delivered through heat networks and
received by energy consumers without increasing the consumption of fuel. Natural resource
consumption, environmentally hazardous emissions and GHG emissions thereby decrease,
which underscores the link between environmental solutions and energy efficiency and eco-
intensity. Operational eco-intensity depends on the efficient operation of district heating system
elements (energy source, heat networks and energy users) in the system as a whole. Eco-
intensity depends on the following technological, economic, environmental and management
aspects of district heating system operations:
organisation of the combustion process in the boiler furnace,
quality of the energy resource used,
energy efficiency of the boiler system,
operational parameters of the heat networks,
professionalism of boiler house management,
economically advantageous installation and operational parameters for systems,
effective use of natural resources,
monitoring of harmful emission amounts,
controlling of GHG emission amounts.

CoNoOAEWNE

The district heating system elements are illustrated in Figure 1.10; the figure also shows
the positions for determining operational parameters for the system.
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Fig. 1.10. Diagram of the integration of district heating system elements

The system consists of the following elements:

1. boiler systems with water preparation and purification systems as well as flue gas
purification technologies,

2. in addition to the existing system, an innovative wood chip boiler house technology
has been installed, namely, a gas condenser that consists of two linked sections for the
deep cooling of flue gases,

3. a heat exchanger for the heating of network water with heat obtained from the gas
condenser,

4. a heat exchanger for the heating of network water with heat produced in the boiler,

5. a heat network pipe system that connects the energy source with energy end users,

6. heat consumers who use the heat energy to heat their buildings and hot water systems.

The operational parameters for a district heating system are determined and evaluated
from the standpoint of decreasing fuel consumption; then, their influence on the environment
and climate change is determined.

The gas condenser is developed in such a way that the processes taking place inside it
supplement one another and the conditions for heat and mass transfer are optimal. The optimal
conditions for operating a condenser depend on the construction and operational conditions of
the condenser itself as well as on the terms and effectiveness of operating the boiler system and
the operational parameters of the district heating system.

1.6.2. Model for evaluating the eco-intensity of a district heating system

A district heating system’s eco-intensity is characterised by the interaction between the
parameters, and its mathematical description is formed by a system of equations. The equations
provide answers regarding the set of independent variables, which are included in the eco-
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intensity evaluation model and allow the researcher to judge the kinds of optimisation possible
for the district heating system.

In general cases, a complex system of four equations must be solved, the functional
dependency of which is illustrated below. In this case, the eco-intensity is characterised by a
decrease in fuel consumption:

((CW,HW,NW,WW,AW,Q,VOVW)

(1.15)

gl g2 tirrl? tirr2?

f
B,=f
dB, = (t,1,ty by tras @y, Hos Hy)
Bs = f(tret’tsup'Gdh)

where

dB — decrease in fuel consumption;

CY, HY, N¥, WY, A" — composition of fuel: carbon, hydrogen, nitrogen, moisture and ash
content, respectively;

Qiow" — lowest combustion temperature for fuel;

g3 — heat loss due to chemically incomplete combustion;

g4 — heat loss due to mechanically incomplete combustion;

gs— heat loss in surrounding environment;

tg1 — flue gas temperature before gas condenser;

tgo — flue gas temperature after gas condenser;

tirr — liquid temperature before nozzles;

tirz — liquid temperature after gas condenser;

wg — rate of flue gases through gas condenser, which can differ in the first and second
sections;

He1 — density of spray in first section of gas condenser;

He2 — density of spray in second section of gas condenser;

tret — heating network return temperature;

tsup — heating network supply temperature;

Gan — flow of water through heating networks.

The decrease in fuel consumption is determined by:

dB=B,-B,, (1.16)

where
B1 — fuel consumption in a boiler house with a gas condenser,
B> — fuel consumption in a boiler house without a gas condenser.

The first system equation (1.15) summarises the fuel quality parameters in a system of
equations; the second summarises the indicators of boiler operation effectiveness; the third
summarises the independent variables for gas condenser operations; and the fourth summarises
the parameters regarding the regulation of heating networks. Heat loss through flue gases is
determined as the flue gas parameters change (flue gas temperature behind the boiler system
and air consumption coefficient). Therefore, both of these parameters have been separated out
in the second equation, which must be considered input data for the characterisation of gas
condenser operations: flue gas temperatures, rates, flue gas flow and other factors characteristic
of a system’s energy efficiency.

The decrease in fuel consumption — if the produced heat and boiler efficiency coefficient
are constant — due to an improvement in fuel quality can be evaluated as:
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QI\:)VV\/l Ql\glvv2

where

n — boiler efficiency coefficient;

Qprod — produced heat;

Qiow1", Qrow2" — lowest combustion temperature for initial and improved-quality fuel.

Regarding wood chips, it is assumed that initially the fuel is moist and of low quality but
that improved-quality wood chips correspond to EU standards and their moisture content does
not exceed 25%. Equation (1.17) can be mathematically transformed to obtain the expression:

kl

: 1.18

w (Ql\ng } ( )

Qlowz‘ o _
low

AB, =

where
k1 = Qprod/n — primary energy consumption.

The lowest combustion temperature for fuel depends on the fuel content, and it can be
determined using Mendeleev’s formula:

Ql\g\/\i = kc 'CiW + kH ’ HiW - kos '(Oiw + Siw)_ kw '\Niwi (1'19)

where

kc = 339 — carbon coefficient;

kn = 1031 — hydrogen coefficient;

Kos = 109 — oxygen and sulphur coefficient;
kw = 25 — moisture coefficient.

The values for the fuel elements C%, H";, O%;, S% and W"; are given in percentages. The
higher the moisture content in the flue, the greater the fuel economy by lowering the moisture
content to the standard value.

The decrease in fuel consumption due to changes in indicators of boiler operation
efficiency (improvement) can be expressed with the following equation:

AB, = etk (1.20)

(1 1
Qlow'{_J 771{ _mJ
noon, 1,
where

N1, N2 — boiler efficiency corresponding to the beginning and end of the technological
process;
k2 = Qprod/Q"1ow — primary resource use indicator.

The following inverse balance equation can be used to determine boiler efficiency:

ui :100_(Q2i + 03 + 0y +Q5i)’ (1.21)

where
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02i, 03i, 94i, 0si — heat loss corresponding to flue gases, chemically incomplete combustion,
mechanically incomplete combustion and heat output in the surrounding environment.

Heat loss via the exiting flue gases is important and is determined with the following
equation:
1 : : . :
Qai :Q_W'[(Cco2 'Vco2i +Cy, 'VN2i +Chyo 'Vk?zoi +(a-1)-cy 'Vio)'
low

) tgli - C;\ir 'ViO 'tairi J (100 — Uy )’ (1.22)

where

¢’co2, ¢’N2, ¢’H20, ¢ air — SPecific thermal capacity of gases and air;

Vo2, VPh20i, V% — volume of nitrogen, steam and air under stoichiometric combustion
conditions;

Vco2i — volume of three-atom gas;

tg1i — flue gas temperature after boiler;

tair — temperature of air feed for combustion.

When expressing gas volumes through the fuel content (1.22), the equation can be
transformed thus:

1
Ql\gw
+[K1H “Cy, Ko ~Cro + Kgy -(a—l)-c

'{{[ch 'C‘co2 +Kye 'C;\lz +Kye 'C;—|20 + Ky -(a—l)-c ]C|W +

d,

air]' HiW +[KIS 'C;:o2 + Kzs 'CIN2 +
]'Slw + K1N2 'CIN2 'NiW +Kyy 'C;leo W -
_[Kzs 'C‘N2 +Kay 'C;-|zo +Kys '(a_l)'cl ]'oiw}’tgli _(K4c ra-C G+
+ K oGy HY + Ky € - S =Ky - - €y, 'Oiw)'tair '(100_Q4, )’ (1.23)
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air
.

air

where

K1c=0.0187; Kaoc = 0.07; Kac = 0.00143; Kac = 0.089 — carbon coefficient;
Kin=10.21; Kon=0.11528; Ksn = 0.266 — hydrogen coefficient;

K1s=0.007; Kas = 0.026; K3s=0.00053; Kas = 0.033 — sulphur coefficient;
Kin = 0.008 — nitrogen coefficient;

Kiw = 0.0124 — moisture coefficient.

The third equation of the equation system (1.15) describes the decrease in primary
resources AB3 using a flue gas condenser in the boiler house. The mathematical description of
the flue gas cooling, steam condensation and liquid evaporation processes that take place
simultaneously in the condenser is complex and is not given here. The condenser correlations
are obtained experimentally and they describe empirical equations.

When determining a decrease in fuel consumption in the above-listed expressions, the
heat produced was constant. Changes in this heat are determined by the expression:

Qprod =Chat - Gdh ’ (tout _tret)’ (1.24)

where
Cwat — Specific thermal capacity of water;
Gadh — network water flow.
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The return water temperature has a significant influence on fuel consumption — the lower
the temperature, the greater the fuel economy ABa.

1.6.3. Model for the evaluation of a boiler house’s eco-intensity

The installation and operation of an economically beneficial system is linked to a need to
decrease operation costs and increase a boiler house’s efficiency. For example, the installation
of a system for the deep cooling of flue gases in a boiler house is linked to investments of capital
that can be paid for in three to ten years depending on the set capacity of the system and the
type of system selected.

The Ludza municipal boiler house has a gas condenser that serves as an experiment site
for researchers studying not only the heat and mass transfer process but also the effectiveness
of such a system. The system has been designed to operate with or without filling and with the
option of turning the nozzles on or off in one or another location as well as the possibility of
changing the spray density parameters.

Changes in the eco-intensity of a boiler house’s operations are determined by dividing
the total heat produced by the boiler house over a certain period of time with the heat produced
by the boiler over the same period of time:

Q
where
Aq — eco-intensity of boiler house operations;
Qc — heat produced with gas condenser;
Qb — heat produced with boiler.

The changes in the eco-intensity of boiler house operations illustrate the possibility of
increasing the amount of heat produced in the boiler house without increasing fuel consumption.

The boiler’s specific load is determined by applying the boiler load to the set capacity of
the boiler:

Qact
=—, .26
q Qinst (1 )

where

g- specific load of boiler;
Qact— actual boiler load;
Qinst — et capacity for boiler.

The examined correlations have been used to evaluate eco-intensity, which has been done
in the results section below.
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2. RESULTS AND ANALYSIS OF THE STUDY
2.1. Results of integrating a heat pump into a district heating system

2.1.1. Testing of the heat pump model for the Ludza district heating system

The approbation of the model has been performed in the Ludza municipal district heating
system. The heat source for this system is a boiler house with two boilers: an 8 MW wood chip
boiler for the base load and a peak load boiler that uses diesel fuel. A flue gas condenser has
been installed after the wood chip boiler, which ensures heat recovery and also increases the
boiler’s energy efficiency.

The main networks separate into two branches after the boiler house. In one of these it is
intended to install a heat pump and raise the temperature before the consumer by At in order to
ensure the necessary heat load for the consumers when outdoor temperatures are low. The
greatest increase in temperature is +4 °C at an outdoor temperature of —26 °C, and this gradually
decreases as the outdoor temperature rises. The supply water temperature is no longer increased
at outdoor temperatures of —4 °C or above and its value and changes correspond to the existing
graph of changes in supply temperature. The current solution intends for the supply water
temperature to be raised for the whole system at the boiler house exit. Such a solution is linked
to greater heat losses in the networks. The model assumes that the capacity for the high-
temperature heat pump gas condenser is 260 kW and that the capacity for the vaporiser is
190 kWw.

In addition to the already examined energy and mass balance equations, empirical
equations of the changes in system operational parameters are also needed to perform a
modelling of the system. These are obtained by performing a statistical analysis of the
operational data of the Ludza district heating system for the 2011-2012 heating season.
Changes in the district heating system’s supply and return network water temperatures
depending on outdoor temperatures are shown in Figure 2.1.

100

1
<%}
-
[~
NS
£ ° _ y=0,008x2-0,601x + 72,49 —
s g R?=0,861 . ,
£: g ' * supply
£
E 2 | M return
~ =
> =
=S y=0,018x2-0,013x +47,24 B bvs
g" R?2=0,746
- 30

-30 -25 =20 -15 -10 -5 0 5 10 15

Outdoor temperature, °C

Fig. 2.1. Changes in the district heating system’s supply and return temperatures over the
course of a heating season

By performing a data correlation analysis, empirical equations for determining
temperature changes have been obtained. The obtained correlations and correlation coefficient
square values are shown in Figure 2.1.

Similarly, by processing the observation data, the study has obtained correlations for the
changes in a consumer group’s heat load:
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+759.2, kW (2.2)
the changes in water flow through the heating network branch:
G,, =-0.011-t2, —0.997 -t +25.7, m*h (2.2)

out out

and the changes in necessary temperature increase before the consumer:

At, =—0.00017 -t3,, +0.00211-t2, —0.00061-t,,,—0.0148,°C  (2.3)

out out

Flows mcon and Geon are linked by the correlation

(CTIRYS)

m__—=—con Zw. ka/s 2.4
con 3600 g ( )

where

pw — Water density, kg/m?®.

Changes in the consumer group’s heat load Qcon take into consideration the temperature
increase before the consumer.

2.1.2. Modelling results and analysis

The modelling begins with a heating network route in which a heat pump and parameter
entries will be installed. For each of these parameters, a correlation in the form of empirical
equations as a function of the outdoor temperature is obtained. The capacities of the chosen
heat pump gas cooler and vaporiser are entered, and the heating network parameters after heat
pump installation are calculated. The modelling shows the required temperature after the heat
pump gas cooler so that, as it mixes with the supply network water tsyp, the consumer’s
necessary water temperature tcon1 is ensured. Because the permissible water temperature after
the heat pump gas cooler tpy2 is limited (around 90 °C), the calculated necessary temperature is
compared to the permissible heat pump temperature. If tpy2> 90 °C, then the heat pump cannot
be used and the consumer heat load must be fully covered by the boiler house by increasing the
supply temperature there by At:.

The temperature changes depending on outdoor temperature as obtained by the modelling
are shown in Figure 2.2.
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Fig. 2.2. Changes in heat carrier temperature before the consumer
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The curves shown in the graph correspond to the water temperature tpy2 after the heat
pump before it is mixed with the supply water in node M1, consumer water temperature tcon1
and the temperature of supply water tsyp to be mixed in node M1. The analysis of temperature
changes shows that when the outdoor temperature is low, the heat pump cannot be used to cover
the consumer heat load and the temperature of the supply water at the boiler house exit must be
increased. The participation of the heat pump in covering the consumer load is possible if the
outdoor temperature is —16 °C or higher. If the outdoor temperature is —16 °C, the water
temperature tcon1 = 85 °C necessary for the consumer is obtained in node M1 by mixing water
after the heat pump with a temperature of tou1 = 90 °C with supply network water that is at a
temperature of tsyp = 82 °C. It can be seen that, if the outdoor temperature is approximately
—4 °C or higher, then the observed temperature curves coincide and there is no temperature
increase before the consumer.

In order to cover the consumer heat load without heat carrier temperatures, the flows must
be known. Changes in flows depending on outdoor temperature obtained as the result of the
modelling are shown in Figure 2.3.
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Fig. 2.3. Changes in flows depending on outdoor temperature

The graph shows the consumer’s heat carrier flows mcon, flows through the heat pump gas
cooler ms, and changes in supply heat network flows msyp depending on outdoor temperature.
Flow ms is the network water amount that is branched off of the heating network return and
determines the amount of return heat used to ensure heat supply to a consumer group. This
means that a greater flow through the heat pump is desirable. The flow is limited by the heat
pump gas cooler capacity and the required temperature after the heat pump. As the outdoor
temperature increases, the total flow mcon and the flow from the supply network msyp decreases,
but the flow through the heat pump gas cooler ms increases. This means that the heat pump has
an increasingly larger share in providing heat to the consumer. As stated earlier, the heat pump
does not work at low outdoor temperatures (below —16 °C). This means that the entire consumer
heat load is covered by the boiler house and mcon = Msyp.

Changes in heat carrier temperature after the consumer are shown in Figure 2.4. The graph
shows the changes in heat carrier temperature after the consumer teon2 and the temperature after
the heat pump vaporiser tvap depending on outdoor temperature. The analysis shows that the
temperature of the heat pump operating within the outdoor temperature interval after the
vaporiser is lower than the return network temperature. This means that the use of a heat pump
in a district heating system according to the proposed scheme lowers the return network water
temperature. At low outdoor temperatures (below —16 °C) the network water temperature after
the consumer group corresponds to the temperature tcono.
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Fig. 2.4. Changes in heat carrier temperature after the consumer depending on outdoor
temperature

The results of the performed analysis are in force if the initial assumptions are observed.
The most significant of these is the provision that the heat pump operates with the nominal gas
cooler Qco and vaporiser Quap capacities. Theoretical and experimental studies of the use of a
heat pump in a district heating system show that the heat pump COP changes within the range
of 2.8...3.4 within the range of examined water temperatures.

2.2. Results of the creation of a condenser nomogram

2.2.1. Interrelationship between condenser parameters

The independent variable parameters characterising condenser operations can be divided
into two groups: those that characterise the condenser itself (spray coefficient in the condenser’s
horizontal Ksh and vertical Ksv sections, flue gas temperature after the condenser tg, water
temperature after the condenser and before the network heat exchanger tx2) and those that
characterise the interaction between the condenser and the district heating system (water flow
through the network heat exchanger on the heating network side G, boiler capacity Ny and
return temperature of heating networks t;.

One of the most significant interaction parameters is the return temperature of heating
networks. In order for condensation of water vapour from the flue gases to begin, they must be
cooled to the dew point temperature. Further decreases in temperature determine how complete
the condensation is and how complete the recovery of latent heat, therefore, how effective the
condenser is. The dew point of flue gases is close to 65 °C. This is influenced by the moisture
content of the flue gases and the amount of oxygen in them. In order for condensation to take
place in the vertical section of the condenser, the temperature of the sprayed water must be
lower. Cooling of the spray water takes place in the network heat exchanger with the help of
the return water. The network water thereby performs a cooling function, and the effectiveness
of the cooler is determined by the temperature of the return water. Changes in the condenser
efficiency indicator depending on the return water temperature are shown in Figure 2.5.
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Fig. 2.5. Changes in the condenser efficiency indicator depending on the network return temperature

It can be seen that, by lowering the return water temperature by 1 °C, the condenser
efficiency indicator value increases by 0.7%. The heating network return temperature is a
variable quantity and is influenced by the outdoor temperature, the system’s heat load, the type
of regulation and also the operation of the consumer’s heat node. The influence of so many
variables explains the dispersion of data seen in Figure 2.5.

The boiler capacity must be changed in order to cover the variable load of a heating
season. The measured boiler capacities and the corresponding indicator changes over the course
of a heating season can be seen in Figure 2.6.
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Fig. 2.6. Changes in condenser efficiency indicators depending on boiler capacity

An analysis of the district heating system data shows that as the boiler capacity increases,
condenser capacity also increases. But in cases of larger boiler capacities, the relation of
condenser capacity to boiler capacity is smaller percentage-wise than at small boiler capacities.
As boiler capacity increases, the condenser efficiency indicator value decreases non-linearly
and dispersion of data is observed. Changes in average indicator values are described by the
following quadratic equation:
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E, =0.184- N2 —4.299- N, +33.21 (2.5)

A district heating system’s operational modes are determined by outdoor temperature,
and the necessary boiler capacity and network heat carrier parameters (water flow, supply and
return temperatures) needed to cover consumer load are dependent on the outdoor temperature.
Outdoor temperature is a significant, but not the only, factor dictating boiler capacity and the
network return temperature. Changes in boiler capacity and return temperature observed over
the course of a heating season depending on outdoor temperature are shown in Figure 2.7.
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Fig. 2.7. Changes in boiler capacity and network water return temperature depending on
outdoor temperature

It can be seen that changes in both parameters follow a similar path — as boiler capacity
increases, network water temperature also increases. The decrease in the condenser efficiency
indicator as boiler capacity increases (see Figure 2.6) can be explained with the higher return
temperatures in the heating network. In order to ensure greater condenser capacity at very low
outdoor temperatures, the return temperature of the heating networks must be lowered. This can
be achieved by increasing the energy efficiency of consumer’s buildings, lessening loss in the
heating networks or, for example, using heat pumps in the condenser or heat network circuit.

2.2.2. Distribution of boiler and condenser load

Boiler houses with boilers that have had condensers installed cover the necessary load
with the boiler and condenser combined. In order to evaluate the operation of both systems in
covering the total boiler house load, the graph in Figure 2.8. has been developed.

The study has examined changes in boiler house capacity for four boiler house values: 3
MW, 5 MW, 7 MW and 8.5 MW. The graph corresponding to each capacity has been obtained
from experimental data by selecting the characteristic capacity within a range of £0.1 MW.
Thus, for example, 3 MW capacity is described by data whose boiler capacity values range
from 2.9 MW to 3.1 MW. The condenser capacities and efficiency values corresponding to each
characteristic boiler capacity create experimental points through which the line has been drawn.
If the condenser is turned off, then its efficiency is 0 and the boiler house capacity is determined
by the boiler capacity. It can be seen that the lines are of differing slopes and form a beam-set.
An efficiency indicator value was calculated for each experimental point by using the multi-
factor regression equation (1.8). The points show good congruence, and the regression equation
can be used to create graphs.
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Fig. 2.8. Influence of boiler and condenser in covering boiler house load

In order to portray the mutual dependence of changes in boiler capacity, boiler house
capacity and the condenser efficiency indicator, the nomogram in Figure 2.9 has been created.
The nomogram consists of a beam-set in which each line corresponds to a boiler capacity within
the range of 3 MW to 10 MW in increments of 1 MW. By using equation (2.5), the average
condenser efficiency indicator value for each boiler capacity has been determined. Changes in
the indicator depending on boiler capacity are characterised by the curve depicted in the
nomogram. Points 1 and 2 can be seen in the nomogram, which help to explain its use. If boiler
house capacity at position 1 is 6.8 MW, then line 1-2 crosses the average condenser efficiency
curve at position 2 at an indicator value of 12.5%. A line corresponding to a boiler capacity of
6 MW runs through position 2. This means that the boiler house capacity is ensured by a boiler
with a capacity of 6 MW and a condenser with a capacity of 0.8 MW.
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Fig. 2.9. Nomogram for boiler house capacity distribution between the boiler and condenser
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Boiler house capacity is determined by the consumer heat load recalculated to the boiler
house exit. Changes in load during the heating season are characterised by the graph of load
duration seen in Figure 2.10 (upper curve).
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Fig. 2.10. Distribution of boiler house load if a condenser has been installed

By using the nomogram in Figure 2.9, it has been determined what part of the load is
covered by the boiler and what part by the condenser. Changes in boiler and condenser loads
over the course of the heating seasons are shown in Figure 2.10.

By knowing the boiler house, boiler and condenser capacities and their durations,
researchers can calculate the total energy produced by the boiler and condenser, just the boiler
and just the condenser over the course of a heating season. The results of this calculation are
shown in Figure 2.11.
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Fig. 2.11. Energy produced by the whole boiler house, boiler and condenser over the course of
a heating season

An analysis of the results shows that the installation of a condenser results in energy
savings of 11.8% over the course of a heating season.

39



2.3. Results and analysis of the study of the energy management of a wood chip boiler
house with gas condenser

In examining the benchmark curves in Figure 1.3 of the heat rate depending on heat
produced by the boiler and boiler plus condenser, it can be seen that the curves are not linear
and can be described by cubic equations. This is significant for the further processing and
analysis of the data. Changes in the heat rate of a boiler without a condenser are determined by
the equation:

B, = 2E —09-Q7 —9E —06- Q7 +1.21-Q, +84.76, MWhs¢/month (2.6)

In the equation, Qy is the heat produced in the boiler MWhy/month. Changes in the entered
heat if the boiler and condenser operate simultaneously can be described as:

B, =6E —09-QF, —3E —05-QZ +1.091-Q,_ +83.2, MWh¢month (2.7)

The argument Qxc is the heat produced in the boiler and condenser MWhyc/month. If there
is no load (x = 0), the conditional idle heat rate can be obtained from equations (2.6) and (2.7).
In graphic terms, this quantity is depicted as a point on the Y axis. The quantity is conditional
because the system cannot operate in such a mode. It is evident from the equations that the
values for idle heat rate are close and approximately 84 MWh¢/month.

Specific heat rate benchmarks are curves with a distinct minimum whose values for a boiler
and a boiler plus condenser correspond to by = 1.22 MWh¢/MWh, and 1.07 MWhi#MWhgc. The
character of the curves is determined by the idle heat rate and the boiler efficiency coefficient
changes within the observed range of heat production. The boiler efficiency coefficient
decreases at low boiler capacities; it increases and reaches its maximum at capacities that are
approximately 0.65...0.8 of the nominal and remains constant or decreases slightly (depending
on the type and technical condition of the boiler) as boiler capacity increases to the nominal or
above. This means that the boiler’s energy efficiency is directly linked to the heat rate
benchmarks. This is also proven by the lower specific heat rate values in cases of a boiler with
a condenser. The use of a condenser lessens the boiler’s heat loss through the exiting flue gases
and thereby increases its energy efficiency. From the point of view of energy management, it
is evident that by performing the energy efficiency measure of installing a condenser after a
wood chip boiler the minimum specific heat rate decreases from 1.22 MWh#/MWh, to
1.07 MWh¢{/MWh,.

Changes in the boiler house’s electricity and specific electricity consumption can be seen
in Figure 1.4. The data reflect electricity consumption in a boiler house without a condenser
and in the heating networks. The idle electrical capacity of the boiler house is 60 kW and is
170 kKW at maximum heat production. Specific electricity consumption decreases as the amount
of heat production increases from epn = 80 kWhpn/MWhp at minimum production and reaches
the lowest benchmark of eph = 20 KWhp/MWh, at maximum production.

Changes in the condenser’s electricity and specific electricity consumption, which are seen
in Figure 1.5, have their own features. These are linked to the higher specific electricity benchmark
ec = 34 kWhon/MWh,, compared with the boiler house benchmark epn = 20 KWhp/MWh, at
maximum heat production. This means that electricity consumption per unit of heat produced
by the condenser is greater than the heat produced by the boiler.

In addition to the specific heat rate b, the specific heat rate increase indicator 9 is also
used in an analysis of the energy efficiency of energy sources. This indicator can also be used
to evaluate an energy source’s influence on the environment. Just as for the specific heat rate,
its unit of measurement is MWh#MWhj,. By definition, the specific incremental heat rate is the
incremental fuel heat necessary for the supplementary production of 1 MW of capacity. The
specific heat rate b and the specific incremental heat rate & can be determined by using the heat
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consumption curve. The heat consumption curve describes the changes in fuel heat’s input
capacity Pr depending on the boiler capacity Py or boiler plus condenser capacity Pnc and is
shown in Figure 2.12.

10 1.4
Pi{Ps)= 0,00076x° -0,00226x% + 1,18751x+ 0,11870
9 R2-0,99979 o .
PPyc) = 0,004%3-0,032x2 + 1,092x + 0,121 1.35 o boiler and
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Fig. 2.12. Characteristic indicators of boiler and boiler plus condenser operations
The heat rate curve for a boiler is described by the equation:
P, (R,) =0.00076- P? —0.00226 - P? +1.1875- P, +0.1187, MWfs (2.8)

where
Py — boiler capacity, MW.

The mathematical expression for the heat rate curve for a boiler plus condenser is
determined as:
P, (R,) =0.004-R% —0.032- P2 +1.092- P, +0.121, MW} (2.9)

where
Pnc — boiler and condenser capacity, MW.

By using the heat rate curves, the specific heat rate for a boiler by or for a boiler plus
condenser byc is determined as P#(Pp)/X or P#(Puc)/X. The corresponding equations for the
calculations are:

0.1187
b

0.121

bc

b, (R,) = 0.00076 - P? —0.00226 - P, +1.1875 + , MWh¢/MWhy (2.10)

b,.(P,) =0.004- P2 —0.032- R, +1.092 + , MWhi/MWh. (2.11)

In order to determine the expressions for specific incremental heat rate & calculations, the
first derivatives of expressions (2.8) and (2.9) must be determined:

_dr(R)

5, = 0.00228- P2 —0.00452- P, +1.1875, MWh¢/MWh (2.12)

b
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— de (Pbc)

o, =0.0132-R% -0.0659- P, +1.0927, MWh#/MWhpc (2.13)

C
be
Expressions (2.10) to (2.13) have been used to calculate the specific heat rate b and the
specific incremental heat rate o, and the results are shown in curve form in Figure 2.12. It can
be seen that the b and o curves cross at a certain point and there the quantity values are equal.
A minimal specific heat rate can be found at the meeting point of these curves. Comparing
different types of boiler and boiler plus condenser operation modes, it can be seen that in the
case of condenser use there is a new point of intersection for curves b and & at which the
minimum specific heat rate is lower. This means that an energy efficiency measure has been
performed — a condenser has been installed after the boiler, new benchmarks b and 6 have been
determined, and the system can be operated with greater energy efficiency. If the boiler house
has one boiler and heat production increases, then the boiler capacity will be greater than
optimal and the specific heat rate will be the determining factor. If the boiler house has several
working boilers and an increase in load is distributed among them, the specific incremental heat
rate is the determining factor and the load must be increased for the boiler whose d is smaller.
The provided method is used to determine b and 6 benchmarks for a new system.

2.4. Results of the economic analysis of the use of a flue gas condenser in a district
heating system source

2.4.1. Analysis of fuel costs for a boiler with condenser

The specific fuel heat indicator per unit of produced heat and the changes in specific fuel
costs depending on the heat-generating capacities are non-linear with a distinct minimum.
Equations describing the changes in price per unit of produced heat have been used to clarify
the capacity values for the curve minimums seen in Figure 1.12. The equation for changes in
fuel price for a wood chip boiler is:

C,, =0.069-P’ —0.675-P, +15.53, €/MWh, (2.14)
and for a boiler plus condenser it is:
Cio =0.093-P2 —0.899-P,_+14.77, €/ MWhy (2.15)
The minimum of the function is determined by equating its first derivative with zero:
(;%:z un ZCF;: =0 (2.16)

The values for generating capacities determined by correlations (2.16), at which fuel cost
minimums per unit of produced energy are observed, are Py™" = 4,89 MW and Ppc™" =4,83
MW. It can be seen that these values practically correspond and the observable difference is
within the range of 1.2%. A system working at a capacity of approximately 5 MW will have
lower fuel costs per unit of produced heat.

Capacity, and therefore the cost minimum, is determined by two factors: the influence of
the conditional idle mode and changes in the boiler’s efficiency. As the boiler capacity
increases, the influence of the idle mode becomes relatively smaller than it is at smaller
capacities. The boiler’s efficiency, in turn, increases as boiler capacity increases and
asymptomatically reaches the maximum value and then remains constant or decreases slightly.
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2.4.2. Cost analysis of condenser operations

The goal of the analysis is to evaluate whether the use of a condenser leads to economic
savings, how large this savings is and whether it applies to the entire range of condenser
capacities. The changes in specific total expenses Cexp, INCOMe Cin, and economic savings Csav
linked to condenser use depending on condenser capacity are shown in Figure 2.13.
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Fig. 2.13. Expenses and savings of condenser use depending on capacity

The analysis shows that by operating the condenser at a capacity greater than 0.25 MW
an economic savings can be observed, which increases as the capacity increases to 0.8 MW and
reaches 10 €/ MWhc. A capacity of 0.25 MW is the limit value below which there is no economic
effect. As capacity falls below 0.25 MW, the condenser operates at a loss and its operational
expenses are greater than its income, which is determined by the wood chip economy.

As seen from the data, during the nine months of the 2012-2013 heating season the
condenser was operated both with and without an economic effect. The total evaluation is
provided by the balance of savings and losses, which determines the pure income gained in the
studied time period:

i '(Cin, _(Celi + Cwsi + Clm, + Coshi + Cami ))’ €/MWhc, (2.17)

where
i —number of months during the studied time period;
Qsum — heat recovered by the condenser during the studied time period, MWhc.

Using the data from the table, the evaluated specific weighted income per unit of heat
produced by the condenser is 5.74 €/ MWhc. Economic losses are linked to condenser operation
and amortisation costs. The question arises of whether it is not more advantageous to turn off
the condenser at low condenser capacities and allow the flue gases to exit directly through the
chimney? If the condenser is turned off, there will be no operational costs, however, amortisation
costs will remain. In such a case, the specific weighted pure income is calculated as:

. =20 =4 Q
Cret :Z ‘i '(Cm,. _(Cel- +Cys, + Cim, + Cas, + Can, ))—Z *Con , €/MWhe, (2.18)
i=1 qum ! k=1 qum

where
J —months in which condenser is operated;
k— months in which condenser is turned off.
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The calculations show that if the condenser is operated only at capacities of over 0.25
MW and is turned off at lower capacities, the specific weighted pure income is 4.79 €/ MWhc,
which is 16.5% lower than if the condenser is operated non-stop. The analysis shows that it is
also advantageous to operate the condenser at lower capacities during months when the savings
do not cover operational costs.

2.5. Results of the eco-intensity analysis of the use of a flue gas condenser at
a district heating system source

2.5.1. Results of the experiment of boiler house operations

The data determined during the industrial experiment included the parameters for boiler
house operations, which depend on the consumer heat load, which is determined by the behaviour
of the energy users as well as by climatic conditions and the district heating system’s operational
conditions. The results of the experiment that are linked with the determination of the eco-
intensity of operating a gas condenser without filler are illustrated in Figures 2.14 and 2.15.
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Fig. 2.14. Eco-intensity of boiler house operations depending on outdoor temperature

As seen in Figure 2.14, the eco-intensity of boiler house operations decreases if the
outdoor temperature falls. This happens for several reasons, the most important of which is the
divergence of an empty gas condenser without filler from its optimal operational parameters:
increase in flue gas rate and temperature.
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Fig. 2.15. Eco-intensity of boiler house operations depending on specific boiler load
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This consideration is confirmed by the analysis of another parameter that influences the
intensity of boiler house operations, namely the specific load of the boiler house. The influence
of this load on the eco-intensity of boiler house operations is indicative of the fact that the
greater the boiler house load, the lower its eco-intensity, the less it is possible to receive heat in
the gas condenser per unit of boiler capacity, as seen in Figure 2.15.

This confirms the above-mentioned hypothesis that when the outdoor temperature
decreases, boiler house load increases, fuel consumption increases, and greater amounts of flue
gases are created.

2.5.2. Results of the analysis of the eco-intensity of a district heating system

Any district heating system is a complex whole of technological solutions of its separate
elements that must be examined as a united system, a system whose effective operation depends
on the creation of economically well-grounded and environmentally friendly technological
solutions. Indicators for the operation of a condenser as one element of this system can be seen
in Figure 2.16.
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Fig. 2.16. Heat recovered in a gas condenser depending on the temperature of the district
heating system’s return water

As seen in Figure 2.16, the correlation analysis shows that the experimental data correlate
weakly with the empirical model (line). Nevertheless, a clear trend is seen in which the specific
heat obtained in the gas condenser is greater if the heating network return temperature is lower
and vice versa, that the amount of heat obtained falls as this temperature increases. This
confirms the above-mentioned opinion that the fuel savings depends on the operation of the
entire system as a whole, of which the gas condenser is one element. The system’s operations,
in turn, depend on the energy efficiency of the energy users connected to the district heating
system as well as the water rates and flow parameters in all of the heat network elements,
including the heat exchangers in the buildings’ heat nodes. In order to increase the amount of
heat obtained in the gas condenser, it is necessary to lower the heat network return temperature,
which can be done by modelling the system’s regulation modes as well as performing energy
efficiency measures on the part of the consumers.

The increase in eco-intensity of the operations of a boiler house plus gas condenser can
also be evaluated from the point of view of decreasing the amount of nitrogen oxide emissions.
This happens for two reasons:

1. fuel consumption decreases and the total amount of nitrogen oxide emissions from the

boiler house chimney decreases,

2. partial absorption of some of the nitrogen oxide components takes place via the spray

liquid: 10% of the total amount of NOy is absorbed by the spray liquid.
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CONCLUSIONS

. The study provides a scheme for the integration of a high-temperature heat pump into
a municipal district heating system to use network return heat to partially cover
consumer load.

. A model has been created and calculations performed for changes in a district heating
system’s parameters in the case of the use of a heat pump as the outdoor temperature
changes over the course of a heating season. The model includes mass and energy
balance equations for the scheme’s nodes and elements as well as empirical
correlations describing the system. The modelling has clarified that the use of a heat
pump is possible if the outdoor temperature is not lower than —16 °C. The district
heating system’s return water temperature drops as the result of heat pump use, which
raises the effectiveness of the flue gas condenser installed in the boiler house.

. The statistical analysis of the district heating system data has resulted in a multi-factor
regression equation that links the condenser efficiency indicator with statistically
significant independent variable parameters. The equation’s independent variable
parameters can be divided into two groups: those that describe the condenser itself and
those that describe the interaction between the condenser and the heat supply system.
The main interaction parameters are boiler capacity and the heating network return
temperature.

. The dew point of flue gases is close to 65 °C. The temperature of the sprayed water
must be lower than this in order for vapour condensation to take place inside the
condenser. The cooling of the sprayed water is done in the network heat exchanger
with the help of the return water. The network water thereby performs the function of
a cooler, and the effectiveness of this cooler is determined by the temperature of the
return water. The analysis shows that by lowering the temperature of the return water
by 1 °C the condenser effectiveness indicator value increases by an average of 0.7%.

. A nomogram is provided that depicts the variable mutual dependence of boiler
capacity, boiler house capacity and the condenser effectiveness indicator. With the
help of this nomogram the distribution of the boiler house load between the boiler and
the condenser can be determined. The nomogram has been approbated in the analysis
of the Ludza municipal district heating system’s operations. It has been determined
that over the course of a heating season the boiler has produced 88.2% of the total
produced heat and 11.8% has been produced with the help of the condenser. This
means that condenser use results in an 11.8% savings of primary resources.

. The study has used specific heat rate and specific incremental heat rate indicators
(which have been determined using measured data from boiler house operations) as
energy management benchmarks for the characterisation of boiler house operations
and management. It has been shown that the most optimal boiler capacity is observed
at the point of intersection between the benchmark curves. If the boiler house has one
boiler and heat production increases, then the boiler capacity will be greater than
optimal. In such a case, the determining quantity is the specific heat rate. A different
situation arises if the boiler house has several working boilers and an increase in load
is distributed among them. Then the determining factor is the specific incremental heat
rate and the load must be increased for the boiler whose specific incremental heat rate
is smaller.

. The curve showing the cost per hour for operating the boiler shows that the changes
are not linear and the operating modes are not all equally economically advantageous.
By evaluating the changes in specific fuel costs it is seen that the boiler has operation
modes with minimal specific fuel costs. The character of the curves is determined by
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idle fuel consumption and changes in boiler efficiency. An equation describing these
changes determines the most economically advantageous boiler capacities operating
both with and without a condenser.

. A detailed analysis of the flue gas condenser’s specific expenses shows that by
operating the condenser at a capacity greater than 0.25 MW a significant economic
savings is observed, which increases as the capacity increases to 0.8 MW and reaches
10 €/MWhc. A capacity of 0.25 MW is the limit value below which there is no
economic effect. As capacity falls below 0.25 MW, the condenser operates at a loss
and its operational expenses are greater than its income, which is determined by the
wood chip economy. During the nine months of the 2012-2013 heating season the
condenser was operated both with and without an economic effect. The specific cost-
benefit balance provides an evaluation of the whole studied time period. The evaluated
specific pure gains per unit of heat recovered by the condenser is 5.74 €/ MWhc. This
means that the use of a condenser has on the whole provided an economic effect over
the period of time studied.

. Operation of a wood chip boiler house that has been equipped with a gas condenser
depends on the operation of the entire district heating system as as whole. An
evaluation of the effectiveness of the system’s operations with the help of eco-intensity
(which includes the influence of technologies on decreasing natural resource
consumption) provides a full analysis of the possibilities of increasing efficiency by
recognising factors that influence changes in eco-intensity. Such factors are: outdoor
temperature, specific boiler house load, heat network return temperature. The
influence of these factors on eco-intensity is varied — as outdoor temperature falls and
boiler house load increases, eco-intensity decreases. But eco-intensity increases as the
heating network return temperature is decreased. A decrease of return temperature by
1 °C decreases wood chip consumption by 0.02 m® per MWh of produced heat.
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