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ANNOTATION

District heating (DH) has big potential for implementing energy efficiency measures and
renewable energy sources (RES) and reducing CO2 emissions, as the range of RES
technologies used is wide: biomass, solar panels, heat pumps and other technologies and their
combinations. Because there is such a wide variety of heating options available, systemic
thinking and continuous heating operators need to keep up with the latest developments.
Therefore, the implementation of an energy management system (EnMS) is one way to
effectively control and ensure the primary energy efficiency of an organization.

The dissertation is designed as a set of publications, which consists of 6 thematically
unified publications, which have been published in various scientific journals and available in
international databases. The aim of this paper is to assess the potential for extending the energy
management system to integrate renewable energy technologies, with a particular focus on the
solar system.

This work consists of an introduction and three chapters. The introductory part of the
work includes: hypothesis, aims and objectives, describes the structure of the work and the
methods used. The first chapter analyzes the literature on energy management for total district
heating: demand side, transmission and production. As well as literature sources on possible
renewable energy resources in district heating. Part of the methodology of the work includes
information on the developed methodology and applied methods. The third chapter describes
the obtained results - which reflect the energy management system at the national level, the
municipality and the district heating company. At the end of the work, conclusions are made

about the developed work and the obtained results.



ANOTACIJA

Centralizéta siltumapgadei (CSA) ir liels potencials energoefektivitates pasakumu
ieviesanai un atjaunojamo energoresursu (AER) ieviesanai un CO2 emisiju samazinasanai,
jo izmantojamo AER tehnologiju klasts ir plass: biomasa, saules kolektori, siltumsikni un
citas tehnologijas un to kombinacijas. Ta ka ir tik plass efektivaku siltumapgades iesp&ju
variacijas ir nepiecieSama sistémiska domasana un nepartraukta siltumapgades operatoru
riciba, lai sekotu I1dzi jaunakajiem notikumiem. Tapéc energoparvaldibas sistemas (EnPS)
ievieSana ir viens no veidiem, ka efektivi kontrolét un samazinat primaras energijas
patérinu organizacija.

Promocijas darbs ir izveidots ka publikaciju kopa, kura sastav no 6 tematiski
vienotam publikacijam, kas ir publicétas dazados zinatniskajos zurnalos un ir pieejamas
starptautiskas datu bazés. ST rakstu kopuma mérkis ir novértét iespgjas papladinat
energoparvaldibas sistému, integréjot atjaunojamas energijas tehnologijas, Ipa$u uzmanibu
pievérSot saules kolektoru sistemam.

Sis darbs sastav no ievada un tris nodalam. Darba ievada dala ir ieklauti: hipotéze, izvirzitie
mérki un uzdevumi, aprakstita darba struktlira un izmantotas metodes. Pirmaja nodala ir
veikta literatliras analize par energoparvaldibu kopgjai centraliztai siltumapgadei:
patérétaju dalai, parvadei un razoSanas dalai. Ka arTl apskatiti literatliras avoti par
iesp&jamie  atjaunojamiem energoresursiem centralizétaja  siltumapgadé. Darba
metodologijas dala ir ieklauta informacija par izstradato metodiku un pielietotajam
metodém. TreSaja nodala ir aprakstiti ieglitie rezultati- kuros tiek atspoguloti
energoparvaldibas sistéma nacionalaja Iimeni, pasvaldibas un centraliz&ta siltumapgades
uznémuma. Darba nosléguma ir veikti secindjumi par izstradato darbu un iegiitajiem

rezultatiem.



CONTENTS

ANOTACITA ..ottt ettt s bbbttt s bbb e s st b st ssnaetasans 3
NOMENCLATURE ..ottt b bbb s besbeenbeebenteens 6
INTRODUGCTION ..ottt sttt b et sb e sb e sbesbeenbesnnenreens 7
LLITERATURE REVIEW ....ooiiiiiiiiii it 14

Demand Side MANAgEMENT.........coiieiiiiiriei et 14

How to forecast heat energy consumption in district heating system - energy efficiency

improvement influence on energy consumption (duration CUrVe).........c.coceeerereririnuenen. 15
Energy demand flexibility - reduction of peak 10ads ..........cccocovervinienicnniee 19
Assessment of heat energy tariffS ... 23
Application of the benchmark method in determining the heat supply tariff ...................... 26
1.2. Management Of ENErgY FESOUICES.......uiueuruerrierereresiereseeresesseseesesessesessesensesessensssesenseses 29
Replacement of fossil fuels by renewable energy SOUICES ........ccovvvrevirerineineiieenne 30
Solar energy integration in district heating SyStemS.......c.ccovvviviieiivenesereeec e 33

Electricity use for heat energy production in district heating systems (use of heat pumps,
electrical boilers, accumulation of heat energy)(wind energy) ........cccoceeeveeereeereieneennns 36
Bioenergy role in district heating systems today and in future (reduction of use of

DIOMASS) vttt 39

2. METHODOLOGY ..ottt 43

2.1. Development of a national level sustainability assessment method for district heating
SYSEBIM .ttt 44
2.2. Summarize and identify energy management indicators and influencing factors at the
district heating company [BVELL.........cccoi i e 47
EnMS data collection of district heating CompPany.........cccoveeverniineineine e 47

Energy performance indicators for district heating company .........ccccccocverrieieiicennns 48
2.3. Analysis of implementation energy management schemes benefits............c.cccveennn. 49
2.4. Selection of Renewable Energy Solution for District Heating System............c.cccc..... 51
2.5. Evaluation of the implemented RES measures and supplementation of the energy
management system indicators

Case Study......ccoveverecrieieninen

Solar system monitoring system and input data
2.6. Optimization of energy management system in a district heating company with a large
SOIAN FIEIO ... bbb 56



(08 IS 1110 |V USSP 57

Weather Conditions iN LALVIA.........ccovveirrieneirieiernese e sseneseenes 58
(D = o 0 Tot LT T TP 59
Multiple Regression ANGIYSES ........cccviiiirieiiiieieiesee ettt sne 60
3. RESULT S bbbt bbbt aeanen 61
3.1. Development of a national level sustainability assessment method for district
NEALING SYSIEM ...ttt ettt et nee s 61
3.2. Summarize and identify energy management indicators and influencing factors at the
district heating company [BVELL..........cccoiiiiiiie e 63
3.3.  Analysis of implementation energy management schemes benefits..........c.ccoceu.e. 66
3.4. Selection of Renewable Energy Solution for District Heating System ............cccccce..... 68

3.4.  Evaluation of the implemented RES measures and supplementation of the energy
management SYStEM INAICALOIS. ........ccvvieirreirecr s 72

3.5.  Optimization of energy management system in a district heating company with a

1arge SOIA FIEIU ... 76
CONCLUSIONS.......coctiieiteitee ettt bbbtttk 82
REFERENGCES ...ttt ettt b e b e b bbbttt et et be e e 84



NOMENCLATURE

4GDH - fourth-generation district heating
a-area

AHP - Analytic Hierarchy Process method
ANN - and artificial neural network

BAT - best available technology

BPNN - Back propagation neural network
CART - classification regression tree
CHP - heat and power plants

COP - coefficient of performance

DH - district heating

DHS - distric heating system

DSA -displacement storage accumulator
DSM - Demand Side Management
EnMS - energy management system

EnPI - energy efficiency indicator

ETS - european trading system

GBDT - Gradient boosting decision tree
GBM - gradient boosting machine

GHG - greenhouse gas

HP — heat pump

MART - multiple additive regression tree
MCDM - Multi-criteria analysis

PEF - Primary energy factor

Pg - guaranteed performance

PUC -Public Utilities Commission

PV - photovoltaic panels

PVT - photovoltaic thermal collector
RES - renewable energy sources

RF - random forest

SVM - support vector machine

SVR - support vector regression



INTRODUCTION

From all levels of the energy sector, there is a clear consensus that the decarbonization
of Europe's energy supply relies on the expansion of district heating (DH). The ideological
framework for the deployment and maintenance of the DH system is the development of
sustainable energy systems, reducing the consumption of fossil energy resources in energy
generation, and reducing overall energy consumption by implementing energy efficiency
measures on both supply and consumption sides. It includes energy generation from
fluctuating sources like solar and wind and waste heat, e.g., from industry, data centers,
and supermarkets, which the DH system can utilize and store. The regulatory framework
promoting these changes is already in place as part of the European Union's (EU) Clean
Energy Package, including the Energy Efficiency Directive and the Renewable Energy
Directive.

Due to the increased energy efficiency of buildings and stricter environmental impact
requirements, the DH system is beginning to change. The traditional 3rd generation DH
system with high heating network temperature and combustion heat source should
transform towards a low-temperature 4th generation transmission and heat source. One of
the most important challenges is the development of a non-fossil district heat supply system
and integration of RES, which will be a sustainable energy system [1]. The future energy
and climate policy is based on increasing RES and ensuring the coupling of the heating,
power and transport sectors to reduce primary energy consumption and greenhouse gas
(GHG) emissions.

The Latvian National Energy and Climate Plan 2021-2030 aims to increase the share
of RES to 54 % and improve energy efficiency by 2030 in the district heating sector [2]. In
Latvia, there are 529 boiler houses and 162 combined heat and power plants (hereinafter
CHP) in 2020 according to central statistics data [3]. In recent years, Latvian district heating
companies have significantly developed the infrastructure and reduced fossil fuel
consumption by using available European Union funds. In total, 106 energy efficiency and
RES projects were implemented in heat sources and heating networks by 2020 [4].

There is a wide range of different energy sources available for heat supply in DH
systems. The most often-used RES in energy systems is biomass [5,6], wind [8], geothermal
[7] and solar energy. The integration of thermal solar energy in DH systems has become
more popular in recent years because solar collectors use unlimited solar energy and have

relatively low maintenance costs [8]. Solar collectors are emission-free technology,



therefore, appropriate to reduce the environmental impact of the DH system. The largest
thermal solar energy plants are in Denmark [9] where there are similar climate conditions
to those in Latvia. Solar energy is a high potential for use in district heating [5, 6, 7]. The
first large-scale solar collector field in the Baltic States started the operation in the DH
system in 2019. The active area of a particular solar collector field is 21 672 m? with an
integrated heat storage water tank of 8000 m?.

One of the future development tasks will be to integrate DH into a common energy
system by interacting with the district cooling, power, transport and industrial sectors. Such
a future system is referred to as a smart energy system, i.e. an energy system in which smart
grid, heating and gas networks are combined and coordinated to identify synergies between
them in order to achieve an optimal solution for each flow as well for the common energy
system. This combination results in polygeneration systems or multi-energy systems with
higher efficiency. To achieve this, it is necessary to coordinate the operation of several
infrastructures such as energy storage facilities, demand-side management, IT solutions etc.
innovative technologies.

Research Topicality

District heating companies have one of the biggest potentials for reducing energy
consumption, improving efficiency, and eliminating CO2 emissions due to well-developed
infrastructure and a high potential for flexibility increase to cover heat load. It is possible to
decrease the primary energy consumption and CO> emissions through various measures, for
example, installing boilers with higher efficiency, and integrating various types of RES such
as solar systems or heat pumps, reducing heat transmission losses due to isolating the heating
pipes or reducing heat carrier temperatures. The wide variety of more efficient heat supply
options and development of innovative technologies requires system thinking and continuous
actions for DH operators to follow up on the latest developments. Therefore, the
implementation of an energy management system (EnMS) is one of the ways how to efficiently
control and reduce primary energy consumption in the organization.

To achieve the energy efficiency goals the Energy Efficiency Law was issued in Latvia
in 2016 which obligated large companies to implement a certified EnMS or conduct an energy
audit to identify the energy efficiency measures. Therefore, the 20 largest heating companies
in the country, which produce 80% of the total heat consumption in DH executed these criteria
in Latvia. Through the implementation of different development projects, these companies are

rapidly switching to RES. In recent years, there have been reconstructed wood chip boiler



houses, developed cogeneration plants, and performed other types of energy efficiency
measures. However, DH companies are looking for broader innovative solutions. A variety of
sustainable energy sources are used in DH in the EU- solar energy, heat pumps, and waste heat
or surplus heat from the commercial and industrial sectors. The system is moving toward the
4th generation system concept by implementing low-temperature heat sources, lowering
network temperature, integrating smart grid technology, different storage technologies and
interacting with prosumers.

Within the more complex multi-source heat supply system it is important to follow
energy efficiency indicators and a clear methodology to determine these indicators to achieve
the highest possible performance of the operation. Important is that the EnMS is suitable for

complex systems and is constantly evolving.
Hypothesis

The hypothesis of the research is that the transition to renewable energy can be
successfully integrated into the EnMS, which increases the company's energy efficiency

and reduces its environmental impact.
Aim and Objectives

The aim of this dissertation is to evaluate the possibilities of expanding the EnMS for
future innovative DH solutions by integrating the transition to RES in the system, with an
emphasis on solar collector systems.

The main objectives for achieving the goal are:

1. Analysing energy efficiency and environmental indicators at the national and
the company level;

2. Developing a simplified methodology to compare the energy efficiency and
environmental performance of DH companies;

3. Developing steps to simplify the implementation of energy management in
both municipalities and DH companies;

4. A multi-criteria analysis was performed using the TOPSIS method to evaluate
the most suitable RES technology for DH companies;

5. Evaluating influencing factors for the solar collector field operation by using
multivariate regression analysis;

6. Assess the opportunities to improve solar system performance in DH system;



Scientific novelty

The methodology proposed in the dissertation helps to evaluate the possibilities of
improving the existing EnMS framework for DH companies by integrating RES technologies.
To achieve this goal, a number of methods have been compiled and described in detail in
several publications. The method is designed to fill the information gap in the industry, to make
the model of EnMS suitable for district heating companies with the development of

technologies. The methods to achieve the goal are summarized in Figure 1.

Method
_ Composite S Mu_ltlfactor
Regression - Multicriteria regression analyses
L index .
Publication analyses method assessment +Pearson correlation

method

“Application of 1SO

50001 for
Implementation of
Sustainable Energy

Action Plans”

“Energy Reduction
Potential of the District
Heating Company
Introducing Energy
Management System”
“Multi-Criteria Analysis
to Select Renewable
Energy  Solution for
District Heating System”

“Is it possible to obtain
more energy from solar
DH field? Interpretation
of solar DH system data”
“Climate  Index for
District Heating System”

“Optimizing large-scale
solar field efficiency.
Latvia case study”

Fig.1. Methods used in the work
An important part of the methodology is an evaluation of heat supply operation and
performance which within the proposed methodology is divided into the evaluation of energy
efficiency indicators and related influencing factors for DH operation and resulting heat tariff.
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A regression method was chosen to evaluate the relationship between different technical and
economic parameters of heat generation and supply.

The national heat supply level is also considered in the work. In order to perform the
evaluation and comparison of various DH systems with different heat generation technologies
and charecteristics of heat transmission system, the author suggests using the composite index
method which merges the main performance indicators of sustainable heat supply.

An important contribution of the developed EnMS framework is the proposal on how to
select the most suitable RES technology for DH systems. Great emphasis is placed on new
technologies that are rapidly entering the heat supply solutions, such as the solar collector
system. When integrating a new system, it is important to identify the most important
influencing factors and evaluate the possibilities of its optimization. The combination of this
method provides a structured model to assess the potential of an EnMS to extend it and be more

suitable for future innovative DH systems.

Practical Significance
Work has practical significance at three different levels: nacional, municipality and the

company level. The effects on each level are summarized in Figure 2.

« Contributes to accelerating the achievement of climate goals
Nacional in the energy sector

level
» Promotes long-term energy planning in the area
Municipal sRe.;?gr%es the implementation period of the energy management
level Y
* Assists in the energy independence planning process
Company * Pr:)m_otes the implementation of optimal and efficient RES
level solutions

Figure 2. Practical Impact of Work on Sectors
The significant emphasis is on the DH companies level as the proposed methodology will
assist in implementation of inovative pilot projects in heat transmission and heat generation.
The improved EnMS with additional performance indicators allows to identify the energy
efficiency measures more accurately and implement follow-up actions to optimise the
implemented solutions.
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At the municipality level the proposed indicators allows to evaluate the local heat supply
solutions and indicates the necessary support or restrictions for DH operator improving the
long-term planning process of heat supply development.

Integrating RES technologies into the EnMS will speed up the achievement of national
climate goals and improve the transparency of overall heat supply by highlighting sustainability

indicators of DH companies.

Approbation of the Research Results

1. lize Dzene, lize Polikarpova, Liga Zogla, Marika Ro&a, Application of ISO 50001 for
Implementation of Sustainable Energy Action Plans , Energy Procedia 72 (2015) 111 — 118

2. Tlze Polikarpova, Marika Rosa,Energy Reduction Potential of the District Heating
Company Introducing Energy Management System,Energy Procedia 128 (2017) 66-71.

3. Ilze Polikarpova, Dace Lauka, Dagnija Blumberga, Edgars Vigants Multi-Criteria
Analysis to Select Renewable Energy Solution for District Heating System, Environmental and
Climate Technologies vol.23, (2019) 101-109

4. Roberts Kakis, Ilze polikarpova, leva Pakere, Dagnija Blumberga “ Is it possible to
obtain more energy from solar DH field? Interpretation of solar DH system data,
Environmental and Climate Technologies vol.25., 2021,. 1284-1292.,

5. leva Pakere, Dace Lauka, Kristiana Dolge, Valdis Vitolins, Ilze Polikarpova, Stefan
Holler, Dagnija Blumberga, Climate Index for District Heating System Environmental and
Climate Technologies vol. 24, (2020). 406-418

6. Ilze Polikarpova, Roberts Kakis, leva Pakere, Dagnija Blumberga “Optimizing large-
scale solar field efficiency. Latvia case study” Energies 14 (2021)

Reports at Scientific Conferences

1. llze Dzene, Tlze Polikarpova, Liga Zogla, Marika Ro3a, Application of ISO 50001 for
Implementation of Sustainable Energy Action Plans, International Scientific Conference
“Environmental and Climate Technologies — CONECT 2014, Riga, Latvia

2. llze Polikarpova, Marika Rosa,Energy Reduction Potential of the District Heating
Company Introducing Energy Management System, International Scientific Conference
“Environmental and Climate Technologies”, CONECT 2017, 10-12 May 2017, Riga, Latvia

3. Ilze Polikarpova, Dace Lauka, Dagnija Blumberga, Edgars Vigants Multi-Criteria
Analysis to Select Renewable Energy Solution for District Heating System, International
Scientific Conference “Environmental and Climate Technologies”, CONECT 2018, 16-18
May 2018, Riga, Latvia

4. Roberts Kakis, Ilze polikarpova, leva Pakere, Dagnija Blumberga “ Is it possible to
obtain more energy from solar DH field? Interpretation of solar DH system
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data, “Environmental and Climate Technologies”, CONECT 2020, 13-15 May 2020, Riga,

Latvia

5. leva Pakere, Dace Lauka, Kristiana Dolge, Valdis Vitolins, Ilze Polikarpova, Stefan
Holler, Dagnija Blumberga, Climate Index for District Heating System, “Environmental and
Climate Technologies”, CONECT 2021, 12-14 May 2021, Riga, Latvia

Structure of the Work

The structure of the work is based on the energy management cycle - plan, do, check and

act. The traditional EnMS framework has been supplemented with a analyses for transition to

RES. The structure of the publications is shown in Figure 3.

Energy Reduction Potential of
the -District Heating Company
Introducing Energy
Management System

Climate Index for
District Heating

System PLAN

ACT

Optimizing large-scale
solar field efficiency.
Latvia case study

Application of ISO
50001 for
Implementation of
Sustainable Energy
Action Plans

RES

CHECK

Is it possible to obtain
more energy from
solar DH field?

Multi-Criteria Analysis to
Select Renewable Energy
Solution for District
Heating System

Interpretation of solar
DH system data

Fig. 3. Structure of the Work

Doctoral thesis is based on 6 related scientific publications summarizing different
methods and results, which together create new methodology for determining possibilities of
expanding the EnMS for DH systems by integrating the transition to RES in the system, with
an emphasis on solar collector systems. Each step of EnMS have been supported by at least
one scientific publication of the author as indicated in Figure 3. Two scientific articles are
related to the planning stage because it is an important part of the implemented energy
management in a DH system.

The Thesis includes an introduction, literature review, research methodologies and

results and conclusions.
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1.LITERATURE REVIEW

1.1. Energy management in district heating systems

Demand side management

District heating (DH) companies have a big potential for reducing energy consumption,
improving energy efficiency, and reducing greenhouse gas emissions [10].

District heating system includes three main actors: consumer, producer, and
transmission. Relation between them is possible to describe by load duration curve (see
Fig.1.1.), which presents consumer need, transmission losses and necessary load of heat energy
sources during year.

25
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Load of Energy production, MW
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solar M biomass M waste heat M gas

Fig.1.1. Heat load duration curve.

The transition to a future DH system, where renewable and recycled heat is used, can be
divided into two steps [11]. The first step considers possible sources of renewable heat energy
and their implementation. The second step looks at the redesign of existing systems to make
them more suitable for future needs. In the demand side management part, we look at the
second step, and the first step is discussed in the next chapter.
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How to forecast heat energy consumption in district heating system - energy efficiency
improvement influence on energy consumption (duration curve)

DH systems have the potential to optimize operational strategies because most of them
are still working in line with reactive control strategies. Systems can be optimized by using
predictive strategies which are based on forecasting and real-time data [12].

Energy forecasting is an important method in the transition to future sustainable DH
systems since the new energy systems are more complex, and higher energy efficiency is
needed. As the share of renewable energy increases, the importance of demand forecasting
also. Systems that use renewable energy to produce heat need an accurate prognosis of heat
demand in upcoming days to verify if they can accomplish the task only with renewable energy
or if they need other energy sources. The heat load forecasts allow to run the systems with
higher precision, resulting in more efficient systems, which lowers the system costs. [13]

Factors influencing the heating load can be divided into four main categories: time
variables, weather parameters, operation inertia of DH systems, and user social behavior. Time
variables are the year, month, day, hour, and others that can show the behavior of users. That
kind of data can be used for heat load planning. For example, in an office building, the demand
for heat will be greater on weekdays when people have a work. The determining factor for the
heating load is the weather conditions like outdoor temperature, outdoor humidity, wind speed,
and air quality index. The air quality index indirectly can affect heating load. The operating
parameters of the DH system, such as supply and return water temperature, flow rate, and the
type of energy used, are also an influential factor. To better understand all leading factors of
heating load, historical data should be analyzed. [14]

In the past, DH systems for forecasting used approaches based on physical and
mathematical methods, which established the functional relationship between heating load and
its influence characteristics. But due to the uncertainty of various factors such as extreme
weather and holiday, mathematical modeling methods were not sufficiently accurate.
Therefore, data-driven methods are a better choice. [14]

Different forecasting models are developed for this sector, but not one can give the best
forecast in every situation, so studies recommend using multiple models. Also, it would be
beneficial to use temporal hierarchies to improve forecast accuracy because they give a short-
term and long-term prognosis which are useful for operational optimization and long-term
planning. [13]

Temporal hierarchies have not been used for heat load forecasting, although they have

proven themselves in other sectors, such as tourism and electrical load forecasting. They have
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different levels and non-overlapping temporal aggregations. These models on different
aggregation levels can reveal different behavior in the data. Forecasts are being reconciled at
all levels, meaning that the forecast from a higher level is equal to the sum of the prognosis

from the lower level. [13]

First method Second method Third method
* Uses circular updates * Uses a rolling window * Uses exponentially
« Without any forgetting with fixed width and collapsing weights

equal weights
« With forgeting the past
information

Fig.1.2. Covariance matrix update methods

H. G. Bergsteinsson et al. used temporal hierarchies for heat load forecasting in the
Danish DH system in Varmelast. The aim was to improve the accuracy of the day-ahead hourly
heat load forecasts. In this case, prognoses are generated each day at 23:00 for the next 24
hours. Four year historical data on heat loads were used. In this study, the authors propose three
methods to update the covariance matrix. The first approach uses circular updates for the
covariance matrix without any forgetting. In the second approach to forget the past information
model uses a rolling window with fixed width and equal weights. The third approach uses
exponentially collapsing weights on past information to improve the relevance of the recent
observations. [13]

Based on the results from the case study [13], authors made observations about the tested
methods:

o The first method is suitable for cases when few data points are available because the
optimization of the hyperparameters is unnecessary. The covariance matrix expands over time
and improves the base forecasts.

o The second method's performance is the worst of all approaches. It will reach the same
result as the first method with increasing memory, but it never outdoes it.

e The third method's performance is the best because it always made the best
improvements to heat load forecast accuracy.

The system proposed in this study improved the accuracy of forecasts by 15% compared

to commercial state-of-the-art operational forecasts [13].
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The most used models for forecasting in a DH system are the traditional regression
model, support vector machine (SVM), and artificial neural network (ANN) [14]. Soft
computing methods such as ANN and SVM are commonly used to forecast short-term natural
gas consumption - load per week, per day, per hour, or even less than per hour [15].

Acrtificial neural network (ANN) covers a large class of models and learning algorithms.
The feedforward neural network is generally the most used neural network. It consists of three
main layers- input, hidden, and output. The hidden layer can have more than one layer, which
depends on the complexity and characteristics of the problem. The input information for the
layer comes only from the previous layer. Back propagation neural network (BPNN) is a
multilayer feedforward neural network, which is made of two parts: the forward generation of
the signal and the back error propagation. ANN can be unreliable because instability issues can
create significant variations in the output data due to small changes in the input information.
[16]

When SVM is used for regression problems, it is called support vector regression (SVR).
The SVR model is obtained from the calculation of a linear regression function but has a high-
dimensional feature space where the input data is mapped using a nonlinear function. This
model aims to find a function that has the most difference from the obtained target for all the
training data but still is as flat as possible. The SVR model has two key parameters: the penalty
factor, which is tolerance for the error, and the coefficient of the kernel function, which
uncertainly establishes the distribution of the data after mapping to the new space. The biggest
disadvantage of this model is the calibration of its hyperparameter. It is difficult but crucial to
the accuracy of forecasts. [16]

The base model for random forest (RF) is the classification regression tree (CART). It
improves the CART model because, for forecasting, it uses a set of trees, not a single tree. That
increases the accuracy and stability of the predictions but makes the model more complex and
time-consuming. Regression trees are generated by making repeated samples of the primary
dataset. Approximately one-third of samples are not obtained at each repeated sampling, which
creates a control data set. The average results of all trees give a final prediction function. [16]

Gradient boosting decision tree (GBDT) is an iterative decision tree algorithm and is also
termed multiple additive regression tree (MART) or gradient boosting machine (GBM). For
GBDT, numerical optimization is the base way of thinking, and it uses the quickest descent
method to find the optimal solution for the loss function. The model operates by adjusting the

negative gradient using the regression tree and by determining the step length using the Newton
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method. It applies the forward distribution algorithm. GBDT can avoid overfitting by reducing
deviations, but GBDT is harder to train in parallel than RF model. [16]

Extreme gradient boosting (XGBoos) algorithm is based on GBDT but an improved
version. For XGBoos, analytic reasoning is the base way of thinking. This model operates by
using the Newton method to find the extreme value of the loss function. To obtain the optimal
loss function, the function is expanded to the second-order derivatives to get the analytic
solution as the gain to establish trees. XGBoost does parallel learning, is comparably faster in
calculations, and prevents over-fitting but at the same time optimizes the computation
resources. [16]

Ran Wang et al. looked at the advantages and disadvantages of commonly used
forecasting models using multiple performance metrics [16]. The accuracy, efficiency,
robustness, and interpretability were taken into account while comparing the models. Accuracy
describes the difference between predicted and actual value. To evaluate it, they used root mean
squared error, mean absolute error, mean absolute percentage error, and coefficient of variation
of root mean square error. Efficiency shows the convenience of the use of the prediction model.
To measure it, they used data pre-processing, normalization, and cross-validation. The standard
deviation of the accuracy was used to indicate the robustness, which is the ability to deliver
acceptable accuracy for various problems with inconsistent training datasets. Interpretability
was used to define the capability of insight, which the method imparts to model behavior, for
example, parameter importance and interaction effects. Five forecasting models were
investigated- XGBoost, RF, BPNN, GBDT, and SVR. Input data for models was heating
energy consumption from the residential quarter located in Tianjin. That is a city on the east
coast of China and is in a cold climate zone. As a result of research, there was not one best
model. RF shows the highest overall results, with the best accuracy, robustness, and
interpretability. XGBoost performed with optimal efficiency but is slightly less robust and
accurate than RF. The BPNN got the lowest results. The sample size greatly affected the
precision of the hourly heating energy forecast. When the training data is small size, the
accuracy of RF and SVR was higher. But the BPNN and ensemble algorithms showed high
precision when the sample size was large. Historical heating consumption and outdoor dry bulb
temperature are influential variables because they affect the precision of output data. The
obtained results of this research can help better choose the machine learning algorithms in the
field of building energy consumption prediction.

As mentioned above, it is necessary to use several models together to get more accurate results.
Nima Izadyar et al. conducted a study [6] in which the SVM method was coupled with the
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discrete wavelet transform (SVM-Wavelet), the firefly algorithm (SVM-FFA), and the radial
basis function (SVM-RBF). All models were analyzed and used to forecast monthly natural
gas consumption in Baharestan town's heating system. To better understand the accuracy of
models, they were compared with two other soft computing methods- ANN and Genetic
programming (GP). Accuracy was measured using three statistical indicators- root means
square error, coefficient of determination, and Pearson coefficient. The results showed that all
three SVM models performed slightly better than ANN and GP. SVM models have a relatively
high correlation with actual data because the Pearson coefficient is bigger than 0,85. Based on
the results, the authors conclude that SVM-Wavelet is the most accurate model from studied
SVM models for forecasting the monthly natural gas demand.

Heat load forecasting is an essential part of the transition to future sustainable DH systems.
Several methods for predictions already exist. Some are used in practice, but some are in the
development stage. There is no single best method that can be used in all cases. The forecasting
approach should be chosen depending on the situation. Also, it is recommended to use multiple

models to get a more precise forecast of energy load.

Energy demand flexibility - reduction of peak loads

Heat demand of buildings is highly sessional and has more powerful peaks compared to other
sectors like electricity and transport [17]. The correlation between demand and production
plays an essential role in system efficiency improvement (see Fig.1.3.).

Traditional 24h heat consumption schedule Possible improvements
Hot water system "cut off" /A
@ peak loads “\/Q'é
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0 0
Heating g g g

Fig.1.3. Possible system efficiency improvement (info from Danfoss, Ltd)

Because when an unexpectedly high amount of thermal energy is needed, technologies with

low efficiency, usually Heat-only-boilers, are used [18]. Heat-only-boilers can be replaced with
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thermal storage. When there is excess or low-cost energy, it is stored. And it is used when main
plants cannot produce enough energy during peak hours, or the energy costs are too high [9].
There are the three main thermal storage methods [18]:

1. Proper heat buffer in DH systems is regular, and they have many advantages. They
usually are placed close to the plants or in strategic zones of the network. The main
disadvantages of this method are installation space and investment costs. Usually, DH
systems are in densely populated areas where space is limited, and the costs of this
space are high.

2. Another method is to use the water mass within the network pipelines as storage. The
thermal capacity of the network is used as storage by influencing the mass flow rate or
the supply temperature. A system whit this kind of storage is more complex because
the storing time depends on several variables.

3. As storage, the building envelope also can be used. It is done by delivering heat at a
different time than it is needed, which raises the temperature indoors and in the
envelope. This method is possible because the thermal capacity of the building is
usually important for the thermal balance. Buildings are very different, so it is not a
simple task. However, studies show that possible stored heat energy in buildings is 9—
54 MW depending on the size and the envelope characteristics. It is when an induced

variation of the outdoor temperature is taken up to 6 °C.

Network
pipelines

Fig.1.4. Thermals storage options
When comparing the storage tank to a building as storage, storage tanks can hold more
than double the amount of heat. However, for DH systems, buildings as heat storage could be

an option because various buildings are available as thermal storages, and they can be used
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separately in different ways. Network pipelines can offer limited contribution as thermal
storage in comparison to building envelopes. But the application of the building envelope as
storage needs the involvement of the customers because indoor conditions are slightly changed.
[18]

Demand Side Management (DSM) can be used in DH systems. DSM includes all the
actions at the demand level. These measures aim to reduce energy consumption, costs, and
impact on the environment or raise the income from energy sales. Also, they include energy
efficiency improvements of the buildings. DMS in DH systems can adjust the thermal demand
of the buildings to modify the overall network thermal load. That allows adjusting the parts of
the general load profile to create compliance with the production side. While using DMS in
DH systems, many goals can be set and achieved, for example, reduction of a thermal peak,
minimizing the expense for heat energy, and the best renewable source integration into the
network. [18]

Three main actions can be done to change the building thermal demand profiles-
retrofitting measures, indirect DMS, and direct DMS. The first action is about modernizing
connected buildings in the DH network. The result of this method is an irreversible change in
the heat load demand of the buildings, which can decrease the difference between demand and
production. The indirect DMS is widely known in the electricity market. This method uses
different tariffs for different times of the day to adjust demand. Implementation is easy and
does not require high investment costs, but it can deliver very uncertain outcomes. User
responses to this method are hard to predict. It can even make the peak loads that are just shifted
in time. The direct DMS is directly controlling the heat load to customize it to the optimal
profile. This can be accomplished by changing the on/off timetable in buildings or
implementing a different regulation strategy. With direct DMS, goal achievement is more
controllable. [18]

Elisa Guelpa and Vittorio Verda summarized the use of DSM in DH systems [18]. In this
review, they looked at case studies and simulations. A study in Italy's distribution network used
DSM and schedule changes lower than 20 minutes in about 35 buildings. Results showed that
up to 10% peak load reduction is achievable. Another study about 27 student apartment
buildings in Finland used demand response where household hot water demand was prioritized
at the cost of the heating. In that case, room temperature lowers when the need for domestic
hot water is high. As a result, peak load reduction was 14%-15% during the coldest days. There
are also studies in which simulation tests are made for real buildings. They concluded that the
peak load could be decreased by about 20-30%. Reviewed studies show that it is possible to
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reduce peak loads using DMS, but the reduced amount depends on the peak load size, building
characteristics, and used methods [17].

To summarize, the DMS can be used in DH to achieve many goals like reduction of peak
load. It can be achieved by implementing measures at the demand level. Three main steps can
be taken to change the building thermal demand profiles. The literature review showed that
peak load can be reduced by up to 30% when using DMS.

Elisabeth Zeyen et al. looked at the most cost-efficient ways to lower the heat demand
peaks in a design where carbon dioxide emissions are net-zero [8]. They used the least-cost
capacity expansion model PyPSA-Eur-Sec to simulate eight scenarios. The simulation was
made for all European countries. For heat demand peak reduction, were chosen three options-
the thermal envelope retrofitting of buildings, thermal energy storage, and individual hybrid
heat pumps with backup gas boilers. All eight possible combinations of these methods were
simulated. The scenarios start from flexible, where all three options are used, and end at rigid,
where none of the options are used. The model simulates heat demand not only in DH systems
but also in rural areas and urban areas with individual heating. The results showed that
implementation of these three methods reduced heat demand by up to 51% and peak capacities
by up to 55%. Off all three options, retrofitting buildings had the most significant effect on
peak capacity reduction. Thermal energy storage also reduced peak capacities but increased
general heat energy generation. Hybrid heat pumps with backup gas boilers or building
retrofitting decrease the peak capacities significantly more than thermal energy storage. So, it
is beneficial if carbon-neutral gas is available. Building renovation is mainly required to address
those peaks and not to lower the total energy demand. Results indicate that entire system costs decrease
by up to 17% if all three methods are applied.

The reviewed study [17] also performed a thought experiment to discover what part of
total costs is from heat peak loads. They looked at the entire expenses of the three sectors-
heating, electricity, and transport. They made a scenario where annual thermal demand was
distributed evenly over the entire year. So, there was an unchanging heat profile without winter
peaks. In this scenario, total costs decreased by 18-30%. That indicates that up to 30% of three
sector expenses are made from heat peak demands.

DH systems have higher heat load peaks because demand is more seasonal than in other
sectors. There are several ways to reduce those peaks, like thermal storage, management
systems, and building renovations. Using these methods peak loads can be reduced

significantly. Peak reduction improves efficiency and can lower the overall costs of the system.
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Assessment of heat energy tariffs

Creating a resilient DH system can bring financial benefits to DH system owners,
operators, customers, and the end user, as improving energy efficiency reduces peak load
expenditure at heat plants and reduces maintenance costs [19]. Cost reductions can be realised
through lower distribution temperatures, which can also be achieved with renewable and
recycled heat sources [20]. An important aspect is the pipeline reconstruction rate to reduce
heat loss from the network [21]. With district heating and cooling optimization technologies,
reducing energy consumption to 40% [22]. Investments, operational costs, and heat losses also
affect the costs of DH [23]. Therefore, reduced costs allow heat producers attract new
customers by lowering heat prices and reassuring those customers who are not connected to
DH previously.

There are several aspects affecting the efficiency of the DH companies’ heating
generation and heat tariff. One of most important is the DH regulation mechanism. Limited or
non-existing competition that is commonly seen in the natural monopolies of utilities, including
the DH production market, create additional challenges for the regulator when it comes to
operational efficiency evaluation. The lack of competition does not incentivize DH producers
to increase the productivity of their production processes and the integrity of tariff
determination [24].

The business and pricing models play an essential role in the DH framework, as they
show how the company generates income and customer relationships [19]. DH is a natural
monopoly, as there is little room for competition. DH companies can abuse the monopoly and
disproportionately increase prices, complicating invoicing, and tariff structure, harming new
customers [19]. This abusive method of increasing profits creates neutrality for DH operators
and favours individual heat supply.

DH tariff could be comprehensively regulated or unregulated, and each model has
advantages and disadvantages [25]. DH tariffs are often two-part tariffs and consist of a fixed
fee and a variable fee [26]. Heat tariffs primarily are based on connexion fee, standing cost and
unit cost [25]. But there are several DH tariff structure models [25]:

o cost-plus pricing tariff consists of operational cost, annual depreciation and permitted
profit;

e marginal-cost pricing tariff components are a cost of one more unit of generation and

marginal variable cost as well as the depreciation of fixed cost;
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e incremental cost tariff is formed from operational costs of the existing system and
discounted costs of future change;

 an integrated model of competitive and regulated methods where heat is integrated from
different regions;

o shadow price method tariff is based on willingness to pay for an additional unit of heat
production when the market is in equilibrium;

o real-time pricing based on smart metering and is similar to pricing in the electricity
sector;

o the equivalent marginal cost method is made of short and long-run marginal costs.

Tariffs for DH systems must also be as low as possible in order to reduce energy poverty,

as the EU has 11% of the population unable to afford energy services [27].

Examples of DH tariff methodologies in different European countries

DH tariffs vary not only for different countries due to diverse tariff structures but also for
different regions where there is one tariff structure, because each region has its own energy
producer, which affects the tariff. Therefore, existing heat tariffs should be regularly reviewed,
and the most optimal tariff calculation should be selected depending on the countries
capabilities and resources.
The heat tariff is regulated in all Baltic States. In Estonia, the heating tariff is approved by
showing reasonable sales volume and cost-effectiveness. The heat price limit is determined
separately for each DH area showing cost-effectiveness maximum area price. Competition
Authority sets it according to technical indicators [28]. In Lithuania, heat tariff is based on
two variable components and a fixed component. Heat price is determined for three up to five
year periods, but tariff components are updated every month or year depending on several
conditions[29]:

e variable component — updated every month based on actual fuel costs from the
operator’s own plants and monthly auctions;

e second variable component - actual energy mix is revised every year by the Regulator
to adjust through the year;

o fixed component — includes depreciation and amortisation, staff cost, operation and
maintenance, etc. and is revised yearly by the Regulator.
The heat tariff regulation is much more liberal in Nordic countries. The heating prices are not

regulated in Finland and Sweden. The competition in the DH market keeps the price at a
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reasonable level [30]. In Norway, heating price is regulated for mandatory connections. It
depends on electricity price with grid tariffs and electricity taxes. In Iceland, the heating tariff
is regulated by the Ministry of Industry and Innovation. The heat price shows production,
distribution, and sales price [30].

Slightly different regulation mechanisms occur in Denmark, where heat tariff is based on the
cost-plus principle and regulated by energy market authority [30]. The tariff structure is based
on 4 components [30]:

o connection fee (DKK/kKW) — paid once for connection and as part of an investment;

e annual fixed term (DKK/kW/y) — depends on capacity;

e variable term (DKK/MWh) — energy consumption, but in future, it could be season
tariff to optimise efficiency;

o bonus/malus term (DKK/°C) - depends on return temperature. If it differs from the
temperature range 30 - 37°C by 10 %, a bonus or penalty of 1% is applied.

A similar heat tariff determination method by applying variable and fixed components
has been used in France, Germany and Spain. The tariff structure in Germany consists of two
components, and new customers have a connection fee. The fixed component includes capital
and operation costs based on maximum capacity (MW), but the variable component is based
on consumed MWh. In France, the fixed component is affected by installed capacity and
consists of energy consumption of auxiliary equipment, cost of operation and maintenance of
the network, and yearly capital costs. The variable component is affected by consumed energy,
flow in heat exchanger and season. In Spain, there are long term and short term tariffs
introduced in addition to fixed and variable components. The fixed component is higher for the
long term tariff, but the variable component is higher for the short term tariff [10]. In Spain,
heating tariffs are reviewed monthly because of national indexes and changes in gas and
electricity prices and for new clients, there are connection fees to connect to the network.

Poland has two options for heating tariff — a cost-plus method based on planned incomes
and costs and benchmarking method based on Regulator published heat price level [22].
Benchmark for heat tariff is usually set for one year, but it is possible to request a change in
tariff before the end.

In Italy, DH price is not regulated and is updated every year by a published index from
the National Institute of Statistics. DH tariff consists of a variable component and two fixed
components. The heat tariff is different for residential and tertiary buildings and depends on

the consumed heat and installed capacity [29].
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Role of DH tariffs towards smart DH systems

The role of DH tariff from the consumers and DH operator’s perspective have been shown in
Fig.1.5. An essential aspect of final consumers is the cost of heat, which depends on the heating
area and the building efficiency and different operational conditions. If the tariff structure is
not based on the customer’s actual consumption, it provides little or no incentive to optimise
heat consumption [32]. Therefore, tariffs that consider customers’ actual consumption allow
them to influence their energy bill and consumption and motivate them to find more efficient
solutions to their energy consumption [32]. On the other hand, the DH tariff should also be

affordable not to raise the energy poverty risk.
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and transmission costs
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Fig.1.5. Role of DH tariff from the consumers and DH operator’s perspective

From the DH operators perspective, DH tariffs should cover the heat production and
transmission costs and ensure profit for future development of the DH system. In addition,
improving existing DH tariffs allows the implementation of new business models that are more
understandable and encourage the involvement of new stakeholders. Finally, tariffs that
incentivise both heat producers and end-users are a good tool to apply in DH systems, but
countries where DH pricing is regulated, may face political obstacles [19].

Application of the benchmark method in determining the heat supply tariff

Compared to a strictly regulated DH market, in a fully liberalized DH environment, the
tariff is determined based on the DH performance benchmarking parameters [33]. It promotes
an incentive-based regulation framework [34], [35]. While a strong debate over which of the
DH regimes is the most convenient is on-going [36], more and more studies focus on the
examination of the effects and benefits of introducing benchmarks in DH market regulation for
the operational efficiency evaluation [37]. Benchmarking in a natural monopoly market

structure is as useful as in a fully liberalized market since it allows to compare how the
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performance efficiency of DH production companies differ even though the same service is
provided for the end-consumer [38].

A study by Marques et al. [39] concludes that the application of benchmarking for
companies operating in the utilities and in a natural monopoly market structure has several
advantages. It incentivizes companies to operate more efficiently and implement innovative
solutions to increase technical efficiency which results in the optimization of operations and
capital expenses, increased return on investment, and improved information transparency to
the utility consumers and stakeholders [39].

Several authors have emphasized the possibility of setting heat tariffs using the
benchmark method [33], [40], [41]. There are various alternatives for correct benchmarking,
including a number of performance parameters [42]. However, several different alternatives
can be made to compare existing DH tariffs.

The results of the study conclude that DH operators and DH systems differ significantly,
so empirical regression analysis is not sufficient to obtain unambiguous results [43]. Instead, it
is necessary to take into account the various explanatory parameters and the relative values of
the indicators that would give each DH system a ranking according to its distance to a certain
benchmark. However, there is still no consensus in studies to date on the most appropriate
comparative methodology. It was concluded that the choice of the benchmark method,
including indicators and thresholds, has a significant impact on the performance indicators set
and the assessment of the DH companies [44].

There are studies analyzing benchmarking models as tools for evaluating the
effectiveness of DH [42]. The benchmark model includes a combination of different technical,
structural and economic indicators, such as the type and price of the energy source, the
legislation in force, the heat load and installed capacity of the system, the efficiency of heat
production and transmission, and others. In addition, the assessment of the economic and
environmental parameters of DH systems includes indicators of government decision-making,
market structure and management performance.

The type of fuel consumed is an important indicator that is included in the DH
benchmark. The share of renewable energy used by DH determines the overall sustainability
of an existing DH, as it has a strong impact on greenhouse gas emissions. Setting an appropriate
benchmark allows DH operators to be grouped not only by their heat production efficiency, but
also by moving towards a carbon-neutral heat supply. Therefore, it allows to highlight those
DH companies whose set values are below the benchmark. Such results can contribute to

restructuring and improving systems to move towards more sustainable carbon-neutral heat
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production technologies. In fact, environmental objectives are considered to be one of the
predominant long-term objectives of DH, as they promote more sustainable production on both
the part of the regulator and the consumer [45].

DH have an important role to play in achieving ambitious global climate change
mitigation goals [46], and tools need to be developed to incentivize DH operators to reduce
their greenhouse gas emissions. Decarbonisation of DH can be achieved both through more
efficient technologies and through less polluting energy sources [47]. Energy efficiency is one
of the key factors in mitigating both climate change and lower heat tariffs [48]. DH energy
efficiency can be increased by integrating RES and improving the technological efficiency of
heat production and transmission networks [49]. Therefore, indicators assessing the
performance of DH technical parameters should be included in benchmark-based models.

When analyzing the performance of a DH, the type of heat source (boiler house or
cogeneration plant) should be taken into account as an important technological indicator. In
addition, the technological condition of boiler houses and cogeneration plants has a strong
impact on the efficiency of heat production, so the DH benchmark studies recommend
integrating variables that take into account investments in heat source reconstruction activities
in the last years of operation. This is particularly important for the assessment of DH
infrastructure in Eastern Europe, where, due to a lack of historical investment, DH
modernization strategies need to be implemented to ensure the future sustainability of DH [41].

Studies show that the performance and efficiency of DH operators are highly dependent
on the energy source, the proportion of different fuels, heat production technologies, and
transmission losses in the system [24]. In addition, a more detailed analysis of the technical
parameters greatly influences the resulting transmission losses due to the temperature of the
heat transfer medium. To maximize the effectiveness of the DH, transmission losses should be
kept to a minimum. Therefore, low flow and return temperatures in heating networks are a key
factor in increasing the energy efficiency of DH networks [51].

Technological factors are also important for the long-term development of the DH
system: introduction of new heat production technologies, digitization of operational processes
and services. Diversification of production technologies includes the integration of heat sources
such as solar energy, geothermal energy, waste heat from different production and other plants,
geothermal energy and other sources that have the potential to increase long-term energy
efficiency and optimize production costs for DH operators [42].

The study by U. Sarma and G. Bazbauer introduced a new benchmark for technological
efficiency, showing that "best available technology (BAT)" indicators could be used to promote
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the development of DH infrastructure [53]. By setting efficiency requirements based on BAT,
DH could provide incentives and drive for efficiency gains. BAT parameters for the various
elements of a DH could be used to generate assessment indices that indicate how the energy
efficiency of a particular installation differs from that specified in the BAT reference
documents [54].

Another important parameter for DH performance efficiency is the amount of energy
produced. If the total amount of energy produced increases, the DH system benefits from a
reduction in the total cost per unit of energy produced. As a result, the system operates with
higher economic efficiency and can provide a competitive heat tariff [55]. The cost
optimization provided by the increase in heat production increases the overall efficiency and
competitiveness of the DH. Therefore, the merger of DH operators and the joint expansion of

DH business are proposed [56].

1.2. Management of energy resources

As the population continues to grow, so does the need for energy, and it is crucial to
develop and use energy-efficient, cost-effective, and sustainable technologies. In 2015 three
quarters of the population in Europe lived in cities where mainly district heating and cooling
systems are used [24]. The population in cities continues to grow. The priority of the European
Union (EU) Strategy on Heating and Cooling is to make heating and cooling more efficient
and sustainable [48]. Annual energy consumption for heating and cooling in the EU accounts
for 50% of total energy consumption. Main primary energy sources used are natural gas (46%),
coal (15%), biomass (11%), and fuel oil (10%), but the remaining 18% are renewable energy
[49]. However, renewable energy in heating and cooling systems has not reached full potential
in this sector.

Heating and cooling systems need to become more intelligent and increase energy
efficiency. Energy costs and CO2 emissions should be reduced. Biomass, geothermal energy,
and solar collectors are popular renewable technologies used in DH systems over the last
decade [21]. For DH, the future challenge is a more intelligent energy system because it is a
system where together are integrated district heating and cooling, electricity, and transport
sectors to achieve the best solution for each sector and all energy sectors [59]. DH needs to
transition to low-temperature networks to be part of a smart energy system [40]. The focus is
on low-temperature DH as the primary technology with renewable energy sources and waste
heat use [60].
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To reduce the environmental impact of DH, the redesign of existing systems to make
them more suitable for future needs is necessary [11]. To make DH more sustainable, one of

the key aspects is renewable energy [61].

Replacement of fossil fuels by renewable energy sources

Between 2015 and 2020, the share of renewable energy in DH globally increased by 1%.

However, this share is projected to increase from 8 to 14% by 2025. Every country has a
different percentage of renewable energy sources in DH systems depending on natural
resources, market drivers, and policies. [61]
Currently, the most used renewable resources in DH systems are solar thermal, geothermal,
and biomass. Also, waste heat from industry is another existing heat source supplied to DH
systems. All noted heat sources are commercially mature with a technical readiness level of 9
on a scale of 1-9. [61]

Fig.1.6. Nonfossil energy resources in DH systems
Solar thermal is absorbed heat from sunlight that is further used for heating, cooling, and
electricity. Its biggest benefits are high reliability, low maintenance, high efficiency, and
flexibility for integration with additional renewable heat sources. However, disadvantages of
solar thermal are irregular nature, the necessity of geographic review, mainly available in

summer when heat energy for DH is not highly demanded, relatively high capital cost, and
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physical space is needed. Globally, Denmark has the most large-scale solar-based DH systems.
They have about 120 systems, which are larger than 500 m2, and overall cover 1.3 million m2.
However, large solar thermal plants which are providing heat for DH systems now define only
about 1% of the installed capacity of all solar thermal systems. Estimations show that this could
rise to 4-15%. Solar thermal plants are centralized or distributed. Centralized solar plants are
usually large-scale collector parks on the ground that needs a big land site. Distributed plant
solar collectors usually are not in the heat supply plants but are located closer to the heat
consumption point that provides energy to an individual or building blocks. Also, there is an
option to put solar panels on rooftops, which is suitable for urban areas whit high land costs.
One of the essential technical aspects of successful solar-based DH systems is seasonal heat
storage. [61]

Waste heat is local energy remaining from industrial and commercial uses, and it has
already completed its primary function. Its benefits are its usage makes energy savings,
significant lowering in GHG emissions, high efficiency in energy utilization, and it is available
all year. However, disadvantages of waste heat are the heating site is frequently limited, cannot
be used for DH at a national level, can have a lower temperature, is time uncertain, and may
induce lock-in of fossil fuels. About 30-60% of industrial energy is directly released into the
ambient atmosphere in the form of waste heat. That is why its recovery can improve general
energy efficiency while reducing GHG emissions. Waste heat to DH can be delivered using
heat pumps or via direct heat exchange. There is a great potential for this resource in DH
systems because the estimations show that approximately 750 TWh/year of waste heat could
be recovered in the European union. That is one-quarter of the European annual heat needs for
the building sector. Waste heat from industries is suitable for a low-temperature DH system
with a supply/return of about 50/20 °C because usually, its temperature is in this range.
Nevertheless, it is only a cost-effective resource if the industrial site is close to the heating area.
Another thing to consider when using waste heat is that industries work according to their own
schedules, so the amount of heat cannot be adjusted to demand. [61]

Geothermal is locally accessible earth's inner heat, either highly diffuse or concentrated
into deposits. The benefits of geothermal are it is secure and adaptable, it has environmental
and economic advantages, it is available all year, and a little geometrical area is needed.
Nevertheless, disadvantages are geographic limitations, efficiency dependent on the
temperature, and big investment expenses due to the drilling and equipment needed.
Geothermal technology is the most mature of all renewable energy technologies in DH systems.
They are used in Europe, as there are 240 geothermal-based DH systems in Europe. But the
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usage depends on the country's geographical location. Iceland has great access to this
renewable resource, so around 100% of space heating need is met by geothermal in DH
systems. However, only approximately 12% of geothermal heat in the world is applied in DH
systems. But almost 75% of total geothermal heat is used for personal ground source heat
pumps and spa and swimming pool heating. Extra costs before geothermal installation are
surface exploration before drilling. It can include geological and hydrogeological studies,
geochemical and geophysical surveys, thermal analysis, and slim and shallow well drilling may
also be required. Financing new geothermal DH infrastructure can be difficult, but economic
viability increases in cases where installation is near urban areas with higher density or when
this technology is implemented in the existing DH network.[61]

Biomass is a raw material produced by photosynthesis like wood or energy crop. Its
biggest benefits are less costly, lower GHG emissions compared to fossil fuels, and residues
can be used. However, disadvantages of using biomass are a geographic restriction, if not
locally accessible, then increased transportation expense, and pollution if burnt. Biomass is an
attractive renewable energy source because of its easy usage, as the direct combustion of
biomass instead of fossil fuels. In 2010, only 8% of biomass across the world was used in the
DH sector, but it is predicted to grow to 1389 TWh by 2030. Because the DH systems are being
improved and are moving to lower supply temperatures, biomass could be better used in
biorefineries to produce transportation fuels, chemicals, and plastics. Therefore, DH should
concentrate more on recovering waste heat from these industries. Also, the improvement of
systems will lower system costs, so biomass usage in this sector most likely will decrease.
However, it is not predicted to entirely not be used, but biomass is not a long-term answer for
heating purposes. [61]

The future network which allows decarbonization of the system is the fourth-generation
district heating (4GDH) system [61]. 4GDH systems use low-temperature heat sources. That
is achievable using smart energy systems integrated with low-energy buildings and networks
with low grid losses. A.M. Jodeiri et al. reviewed challenges and technological factors related
to the integration of waste heat, solar thermal, geothermal, and biomass energy sources into
4GDH systems [61]. Moving to 4GDH, the economics will vary because usage of renewable
energy is highly determined by investment expenses instead of fuel consumption. The low
temperatures in the DH network will decrease grid losses, improve the efficiency of the heat
generation technology, and reduce supply costs because of renewable resources and waste heat.
The authors point out that seasonal heat storage will have an essential role in maximizing
renewable energy use. The reviewed energy sources have their specific aspects and challenges.
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Solar thermal collectors are an established technology, but the optimization is still under
research. Their efficiency would improve whit lower network temperatures. Low-temperature
waste heat is less used than solar thermal in DH but would also benefit from the 4GDH system.
The disadvantage of geothermal is that if it has a high temperature, then it is available only in
specific places. Alternatively, low-enthalpy ground source systems can be established in nearly
all ground conditions. Biomass is cost-effective but is not a long-term answer for the heating
sector. Capital expenses, availability, and flexibility are critical issues for implementing
renewable energy sources into 4GDH systems and require a detailed plan and resource review.
Nevertheless, multiple studies have proven the potential of the transition, which would give
economic and environmental benefits.

Solar energy integration in district heating systems

Solar thermal is absorbed heat from sunlight that is further used for heating, cooling, and
electricity. Its biggest benefits are high reliability, low maintenance, high efficiency, and
flexibility for integration with additional renewable heat sources. However, disadvantages of
solar thermal are irregular nature, the necessity of geographic review, mainly available in
summer when heat energy for DH is not highly demanded, relatively high capital cost, and
physical space is needed. [61]

Solar energy appears to be a more favorable sustainable energy alternative to fossil fuel
than other renewable energy sources because it can satisfy energy needs to some extent and
give environmental benefits. Mainly solar radiation is converted into electrical energy, but it
can also be used for thermal energy production and for converting radiation into both energies
in the same system. [62]

Solar thermal energy is obtained using heat exchanger collectors that transform solar
radiation into thermal energy through a transport medium or carrying fluid. Collectors are the
main component of the solar system, and it absorbs the incoming solar radiation and transforms
it into heat energy. Then it is transmitted through a fluid that is typically air, water, or oil for
practical applications. This system can be used for heating and cooling buildings. [62]

For generating electrical energy from solar radiation photovoltaic is the most used
method. In this system, devices that convert sunlight into electricity are solar cells. They are
using the photoelectric effect. This system also consists of ancillary components. The typical
solar power conversion efficiencies are 15-20%. [62]

Photo thermo conversion is a method when thermal and electrical energy is obtained
from solar radiation in the same system. This system uses device called hybrid photovoltaic
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thermal collector (PVT) [62]. Compared to other solar systems, PVT is economically beneficial
because the costs of solar energy are lower, and generated energy amount per area is higher
[63].

Solar thermal plants are centralized or distributed. Centralized solar plants are usually
large-scale collector parks on the ground that needs a big land site. Distributed plant solar
collectors usually are not in the heat supply plants but are located closer to the heat consumption
point that provides energy to an individual or building blocks. Also, there is an option to put
solar panels on rooftops, which is suitable for urban areas whit high land costs. [61]

A. Behzadi and A. Arabkoohsar proposed a solar-based building energy system that
delivers excess energy to an electricity grid and DH system [63]. The system consists of PVT
panels and thermal storage but does not have a battery and heat pump. The two components
were eliminated to make the system more attractive to building owners because of cost
reduction. To better understand the impact of changes in the DH system on this solar-based
system, the authors made tree simulations in TRNSYS software. They made a model for
existing, low-temperature (4GDH) and ultralow-temperature DH systems. The results
indicated that the tested system for buildings would reach the best results in ultralow-
temperature district heating. In this scenario, the solar system in the building will provide over
400 m3 of hot water to the DH system and about 1940 kWh of excess electricity to the power
grid annually. The overall efficiency of the model achieves maximum values in June for
ultralow-temperature system and in May for the two other systems. However, it is impossible
for the proposed PVT systems to cover the building’s real-time space heating demand because
of the low solar availability on cold days.

In the last reviewed study [63], we can see how distributed solar thermal plants can be
valuable for the DH system. Buildings with solar systems can provide electricity and domestic
hot water for them self, and the excess is given to the district heating. Mutual benefit is formed
because this building system cannot fully cover the space heating demand of the building with
which DH can help.

In the last decades, large solar plants in DH systems have been established rapidly in
Europe, especially in Germany, Austria, and Denmark. There are two successful cases of large
solar systems in DH-the Drake Landing solar heating community in Canada and Danish solar
plants in DH. The Drake Landing solar heating community is a well-known and good example,
as this system can cover over 90% of space heat demand in a particular district. Nevertheless,
that is the only large solar district heating system in Canada because natural gas boilers in
Canada are more economically attractive. In the Danish case, it is different since the Danish
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government has an energy tax on natural gas. For Danish DH systems, solar thermal is a fully
commercial solution, but still, in the planning process, cost-effectiveness must be analyzed.
[64]

Globally, Denmark has the most large-scale solar-based DH systems [64]. As we can see
in Fig.2.2., it had 124 large-scale solar district heating systems that covered about 1.6 million
m? area in 2020. As before mentioned, Germany (43 systems) and Austria (19 systems) also

have developed multiple systems but not as much as Denmark.
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Fig.1.7. Large scale systems for solar district heating globally. Capacities and collector area
installed and number of systems in 2020. [56]

Zhiyong Tian et al. summarized and analyzed the Danish experience with solar systems
in DH. They came to four main conclusions [64]:

1. The key aspect to successful solar-based DH systems in Denmark was the low
solar heat price since the heat price of electricity and natural gas boiler systems are
high.

2. The end-users have the willingness to build solar district heating plants because
mostly DH companies are owned by there communities. Also, the land is affordable,
which makes it easier.

3. In Denmark, more than 64% of the heat demand of households is covered by
DH systems. Because of this high need for DH systems services, the initial investment
cost of solar heating plants are lower.
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4. Denmark systems mainly use reliable solar collector components that have high
efficiency and a long lifetime, so the consumers have gained great trust in the solar-
based DH systems.

The authors recommend for other countries to learn from Denmark’s experience. The
most important is to gain trust between policymakers, companies, and end-users, carefully plan
the systems and consider the price of solar heat and fossil-based energy systems. [64]

Solar thermal is a commercially mature technology that is already used in DH systems.
Solar thermal plants are centralized (large-scale collector parks) or distributed (solar collectors
located near the heat consumption point). Buildings with solar systems can provide electricity
and domestic hot water for themself, and the excess can be given to the DH system. In another
case, solar plants can be implemented into DH systems. One of the essential technical aspects

of successful solar-based DH systems is seasonal heat storage.

Electricity use for heat energy production in district heating systems (use of heat
pumps, electrical boilers, accumulation of heat energy)(wind energy)

Smart Energy Systems or Hybrid Energy Networks could be used to make energy
systems more sustainable. The main idea of these systems is that energy systems (electricity,
thermal, and gas) should be connected and coordinated to recognize synergies between them
that can help reach an optimal solution for each sector and general energy system. It is found
that electrification can help the district heating system to be more cost-effective and transition
to renewable energy sources. Electrification of DH systems consists of two parts— direct
electrification, for example, electric-driven heat pumps and electric boilers, and indirect
electrification, for example, surplus heat from industrial operations that use electricity and
excess heat from electricity generation. [66]

Direct electrification can be done by using power-to-heat technologies. In this section,
we will look at three types of technologies—heat pumps, electric boilers, and heat accumulators.
These can help DH systems to become carbon neutral because they can use energy from
renewable sources, like wind energy, to generate heat.

Power-to-heat heat pumps supply flexible electricity needs and does not affect the overall
efficiency of the system. CHP plants integrating large-scale heat pumps into their system can
increase irregular renewable energy sources in the power supply by up to 40%. This technology
has a lot of advantages, but one of the drawbacks is that they make the system more expensive
because high investment costs are needed. Heat pump application in DH systems has been

studied in the context of socio-economic potential analysis, feasibility study on its integration

36



in DH system, technical analysis, policy issues, etc. Some studies suggest that in 4GDH, heat
pumps are an essential element in the system. [67]

To better understand the costs of the system with heat pumps, Meng Yuan et al.
conducted a techno-economic analysis of the system with heat pumps and industrial excess
heat. The aim of this study was to understand the optimal shares of these two technologies in
the heat generation mix in the context of 100% renewable smart energy systems. The DH
system model in this study consists of all sectors of energy systems, including heat, electricity,
industry, and transportation. For modeling, they used EnergyPLAN software. As a case study,
Aalborg Municipality in Denmark was chosen. Results showed that the optimal solution for
this DH system is a share of 20% heat pumps and 40% industrial excess heat. The rest energy,
in this case, is provided by CHP, boilers, waste incineration, and excess heat from electrofuel
conversion. The framework of this research can be used to determine the optimal solution for
different cases also. [67]

Electric boilers in DH systems are power-to-heat plants with many benefits. For example,
they have relatively low construction costs [68]. Electric boilers promote synergies between
the power grid and DH system by using excess electricity to produce heat. Electric boilers can
provide flexibly and cost-effectively negative secondary control power [68]. The heat storage
electric boiler is an improved technology because it is an electric boiler and a storage heater in
one [69]. The electrical load of this thermal device is not limited by the heat load demand since
it has heat storage.

M. G. Nielsen et al. analyzed the economic value of heat pumps and electric boilers
because these technologies have significant potential to improve flexibility in energy systems
[70]. Both devices use electricity to generate heat. It is economically beneficial when certain
events occur when the market price for electricity becomes close to zero, zero, or even negative.
These events happen when fluctuating renewable power generation cannot be carefully
accommodated to the grid or even generated amount overreaches the demand. Since the grids
are getting more carbon neutral, the economic benefit of these technologies is getting greater.
The authors used an operational strategy based on two-stage stochastic programming. Also,
data from Copenhagen in 2013 was used in the analysis. Results showed that increasing the
installed capacity of heat pumps and electrical boilers reduces the difference in performance.
That is why advanced operational strategies should be used before implementing these devices
in systems. Parameters like reduction in capacity, change in the coefficient of performance for

the heat pump, and a decrease in power prices can save money between EUR 0.9 M and EUR
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4.1 M per year. As expected, the biggest savings are when there are low electricity prices.
Reviewed technologies will be most economically beneficial when electricity prices are low.

Heat accumulators are heat storages that we reviewed in section 1.2. The concept of
thermal storage is that extra or low-cost energy is stored, and it is used when main plants cannot
produce enough energy during peak hours, or the energy costs are too high [9]. The flexibility
of the DH system can be increased by using thermal storage. For instance, during periods when
electricity demand is low, excess fluctuating renewable energy like wind power is generated.
This power can be used to heat water with heat pumps or electric boilers and then stored in
thermal storage for peak hours when it is most needed [13].

J. Turunen et al. looked at the optimization of CHP plants in DH networks using heat
accumulators [71]. Since power systems use more wind and solar energy, the utilization of
CHP plants in DH systems is more challenging. Heat storage could solve this problem and
minimize the operation costs of the DH system. The authors aimed to optimize an existing
system with biomass fired CHP plant. For modeling the system, they used a mixed integer
linear programming model. Results showed that it is possible to reduce operating costs of the
CHP plant by 2.3% using short-term planning and optimization of heat accumulators. The
challenging part still is heat load forecasting, that should be considered more.

Electrification of the DH system can be beneficial because during periods when
electricity demand is low, excess fluctuating renewable energy like wind power is generated.
Using wind power for heating not only can adapt surplus wind power and lower the rate of
curtailed wind but also can reduce fossil resource consumption in DH systems, avoid waste of
energy, and make systems more cost-efficient [69]. In the case of China, they are facing
significant wind power curtailment because the power grid is not flexible enough and was not
prepared for the integration of wind power. This problem could be solved by using excess
electricity in heat pumps and electric boilers in DH systems [70], [72].

Jinda Wang et al. illustrated a typical district energy system (DES) that consists of district
power and heat systems with an accent on clean-heating improvements and wind energy [72].
You can see the systematic representation in Fig.1.8. This study looked at the case of Chine,
which is why fossil fuel is coal. Also, the electric grid is supplied with two kinds of CHP units,
condensing power plants and wind turbines, because those are the main units in China. We can
see that this system is improved with all technologies described above- heat pumps, electric
boilers, and displacement storage accumulator (DSA). This system is different for every DH

network since the technologies differ, but the idea and structure of the system stay the same.
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Fig.1.8. Schematic ilustration of a typical district energy system in China whith the clean-
heating improvements [63]

Smart energy systems and power-to-heat technologies should be considered and
implemented when decarbonizing our power grids. Electrification of the DH system can be
beneficial because excess fluctuating renewable energy like wind power is generated during
periods when electricity demand is low. Direct electrification of the DH system can be done by
using power-to-heat technologies like heat pumps and electric boilers in combination with heat

accumulators.

Bioenergy role in district heating systems today and in future (reduction of use of
biomass)

Biomass is a raw material produced by photosynthesis like wood or energy crop. Its
biggest benefits are less costly, lower GHG emissions compared to fossil fuels, and residues
can be used. However, disadvantages of using biomass are a geographic restriction, if not
locally accessible, then increased transportation expense, and pollution if burnt. Biomass is an
attractive renewable energy source because of its easy usage, as the direct combustion of
biomass instead of fossil fuels. [61]
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Bioenergy is an option that allows significant decarbonization of the heating sector
without major modifications to the system. The most used renewable energy resource in DH
systems is biomass, but the majority of these systems are classified as 3GDH systems. CHP
plants are the most efficient method to utilize biomass for energy production. But because the
DH systems are being improved and are moving to lower supply temperatures (4GHD),
biomass could be better used in biorefineries to produce transportation fuels, chemicals, and
plastics. Therefore, DH should concentrate more on recovering waste heat from these
industries. Also, the technical improvement of DH systems will lower system costs, so biomass
usage in this sector most likely will decrease. However, it is not predicted to entirely not be
used, but biomass is not a long-term answer for heating purposes. [61]

It is possible to implement 4GDH systems whit CHP plants and biomass. The efficiency
of CHP in the 4GDH systems case would increase because the operating temperatures decrease
heat losses. And, if the price of biomass is higher, it is more beneficial to install this system.
Overall costs also would decrease because less biomass is needed. Logistical challenges and
transportation costs make biomass more attractive for rural area DH systems than for urban
areas. [61]

European countries established biomass heating systems before other countries in the
world, so they have more mature technologies and policy systems. In 14 EU countries,
bioenergy makes up more than 10% of final energy consumption. Latvia has the biggest share
of biomass in the heating sector (33.21%). Then comes Finland, Sweden, Estonia, Denmark,
and Lithuania, which has over 20% of bioenergy. Croatia, Austria, and Romania have over
15%. About 11% of bioenergy in heating has Portugal, Slovenia, Bulgaria, the Czech Republic,
and Hungary. Bioenergy share in the heating sector differs because of the country's geographic
location, climatic conditions, availability of natural resources, policies, technologies used, and
environmental and sustainable development goals. [73]

Chenchen Song et al. divided 27 EU countries and UK into five zones by their utilization
of biomass in the heating sector [64]. The distribution can be seen in Fig.1.9. The study
considered four primary sources of biomass resources- woody biomass, stalk (remaining part
of crops after they are harvested), residues from agricultural processing, municipal waste and

wastewater, and animal manure [73].
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Fig.1.9. The distribution of 27 EU countries and UK into five zones by their utilization of biomass in
the heating sector

Key development category (Zone I) countries have a leading position in the development
of biomass heating, with a large amount of resources, mature technologies, and policy support.
They have increased development efficiency. Countries in the resource priority category (Zone
I1) have benefits in terms of resources, a large number of resources, a good policy system, and
a good status quo. Overall, they have a great opportunity for growth. Policy-oriented category
(Zone 111) countries are prioritizing policies for biomass heating utilization. These countries
have a small amount of resources with poor scale and weak foundations. But thanks to a good
policy foundation, the development of biomass for heating will be prioritized in the future.
Countries with great potential for developing biomass heating are summarized in the good
potential category (Zone 1V). They have a good amount of resources, but their utilization of
them is average. That could be because of ineffective policy, which does not give strong enough
support. European climate goals implementation in policy could change the situation in the
future. The last category is deficient and slow (Zone V). For countries in this zone, the level of
development is the lowest. They have a limited amount of resources and undeveloped
environmental policy in the biomass heating sector. They probably will have lower demand for
biomass heating in the future. [73]

As we can see from this study [73], biomass is widely used in the EU heating sector.
Bioenergy share in each country's heating sector varies because of many factors. In some
countries like Belgium, biomass in the heating sector is not as much used, but that necessarily
does not indicate the environmental impact of this country's heating sector because maybe other
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renewable recourses are more widely used. Also, this study did not look at the situation in DH
systems but at the overall heating sector.

If we look specifically at the DH system, the biomass percentage slightly changes for
each country. In Sweden's case, DH systems cover 60% of country building heat demand, from
which more than two-thirds are generated using biomass and waste [74]. In the case of Latvia
[75], a big part (76%) of the thermal energy for DH systems is generated in CHP. In 2020, 42%
of produced heat in CHP was from wood chips and 6% from other renewable recourses (mainly
biogas and different kinds of biomass). The rest (52%) was generated from natural gas. In
Lithuania, 57% of heat demand is covered by DH systems. In 2017, DH systems in Lithuania
generated 69% of heat using biofuel and waste [67]. DH systems in Denmark covered 56% of
heat demand in 2019. CHPs powered by biomass supplied 29.8% of DH [77].

To summarize, biomass is a renewable resource that has easy usage in direct combustion,
is relatively cheap, and does not require a significant modification of DH systems. It is used in
many EU countries for heating purposes and could benefit from future 4GDH systems. But
biomass could be better used in biorefineries to produce value-added products. Therefore, DH
should concentrate more on using waste heat from these industries. Biomass is not a long-term

answer for heating purposes, and most likely, its usage in DH systems will decrease.
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2. METHODOLOGY

In general, EnMS implementation steps are defined based on the Deming cycle - Plan,
Do, Check and Act. However, there is no common methodology how to apply the EnMS
standard for DH system with emphases on integration of RES technologies. In addition,
there is currently an active transition from 3rd generation DH systems to 4th generation
heating solutions based on low temperature heat transmission and heat sources, such as
waste heat and solar collectors. It is therefore important to improve the existing
methodology of energy management that is applicable for energy-efficient integration of
RES technologies and innovative solutions.

The standard steps of energy management are considered in the development of the
methodology of this work. The first step of the assessment examines the environmental
impact and energy efficiency in DH companies at the national level by identifying several
sustainability indicators. As a result, a national climate benchmark has been created to
assess the performance of DH systems. It can be used as an external benchmark in the
EnMSs of DH companies.

The next step is to summarize and identify energy management indicators and
influencing factors at the DH company level to evaluate their performance. In this step,
internal benchmarks are established by data collection to define vulnerabilities and identify
the potential for RES technologies. In the second stage, different benefits of
implementation of EnMSs are analysed, including also economic performance.

The next stage is a selection and comparison of renewable energy solutions for the
DH system. This methodology summarizes possible indicators and uses multi-criteria
analysis to find a more appropriate RES technology solution for a particular case study.
The next steps are to integrate the chosen technology - a solar collector system with an
accumulation tank and develop the monitoring system within the EnMS. In these steps,
optimization options are evaluated for the implemented RES measures and supplementation
because the EnMS is an ongoing process.
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2.1. Development of a national level sustainability assessment method for district
heating system

A methodology was developed to determine the performance of DH companies’
sustainability at the national level. To compare companies objectively, various
sustainability indicators are covered and created the climate benchmark —a composite index
characterising the main operational parameters of DH system.

The main steps for climate benchmark determination can be seen in Fig. 2.1. The
availability of statistical overviews for main DH operators is limited, therefore, it is
necessary to combine different data sources. The reviews of environmental statistics (in
particular, overview of air protection) coordinated by State limited Liability Company
‘Latvian Environment, Geology and Meteorology Centre’ are used to determine the fuel
consumption for heat production [78]. The produced and consumed heat can be seen in
applications from approvals of the heat energy tariff by the Public Utilities Commission
(PUC) [79]. The power produced in CHP is obtained from the amounts paid within the
framework of mandatory procurement (feed-in tariff) [80], but for the missing information

annual reports of companies are used. Authors use the data set from 20 DH companies.
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determination

Definition of climate St aEhEs
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Fig. 2.1. Main steps and methods for determination of climate benchmark.

After the detailed data assessment, authors define the main criteria for further
analyses. Seven different criteria are used (see Fig. 2.2.) for calculation of the Climate
index in the particular case study. However, the criteria can be adjusted for country specific
conditions. The criteria are grouped within three different categories to have a more
comprehensive overview of DH system performance. Some of the selected criteria are
interrelated, for example, the total CO2 emissions and primary energy factor depend on heat

losses and share of RES. However, each of chosen criteria show different aspects related
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to heat generation and transmission operation conditions. The further weighting step allows

to take into account the interrelation by applying higher or lower weight score for particular

Climate Index

’ Efficiency factors ‘ ’ Environmental factors ‘ Sustainability factors
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’ Specific CO, emissions, Share of RES, %

kg/MWh

’ Specific heat losses, %
T

’ Specific environmental ‘

0
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’ Primary energy factor

Industrial heat

Fig. 2.2. Criteria merged within the Climate index

The analysed efficiency factors are the transmission heat losses from the heating
network identified as a percentage of total produced heat and the primary energy factor.
Primary energy factor (PEF) is an energy indicator used for quantifying the primary energy
use of a plant defined according to (2.1).

PEF = Zj Ej'fp,j—ECHP'.fp,el, (21)
Edel
where
E; the amount of the jiw primary energy consumed;

Ecnp  the amount of electricity produced in the CHP if any is installed;

Ipi the primary energy factor related to an energy source;
foel the primary energy factor for the power plants;
Edel the amount of energy delivered to the consumers.

The used primary energy factors can be seen in Table 2.1. Those are determined as
country specific values and highly depends on the national electricity mix. The assumptions
can be subject to change for assessment in other countries.

Authors have identified two main environmental factors: the specific CO2 emissions
and the specific environmental costs associated with different external costs related to heat
production. The environmental cost factors have been identified according to previous
studies [81] (see Table 2.1).

In addition, sustainability criteria are used to evaluate the used energy production

technologies and energy sources. Therefore, authors have identified three different criteria:
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the share of RES, the share of heat produced in RES CHP and the share of heat purchased
from industrial enterprises. It should be noted, that the heat purchased from different energy
production utilities is not perceived as heat from an industrial object. The heat from
industrial enterprises could be attributed to industrial waste heat and other excess heat
sources when such energy sources occur.
Table 2.1.
Main Assumptions for Calculation of Criteria

Primary energy factors

Fossil fuels 11
Biogas 0.5
Biomass 0.2
Power from the grid 15
Environmental costs, EUR/MWh
CHP Biomass 4.3
CHP Natural gas 11.7
CHP Coal 241
CHP Biogas 13.8
HOB Natural gas 17.9
HOB Biomass 11.2
CO:2 emission factors, kg/MWh
Diesel fuel 267
Natural gas 202
Coal 354

The criteria are prioritized to better reflect the use of sustainable development
opportunities. The weights for each criterion are calculated according to the Analytic
Hierarchy Process method (AHP). The base of the method is a pairwise comparison matrix,
which reflects the relative importance of the criteria [82]. In this case, the evaluation was
carried out by a group of experts, but a more comprehensive assessment could be provided
by the involvement of various stakeholders in the weighting process. The obtained values
of the criteria can be seen in Fig. 2.3. The highest priority has been determined for specific
heat losses and the share of industrial heat.
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Fig. 2.3. Obtained weights for each criterion

The calculated criterion j has been normalized by using Weitendorf’s linear
normalization method [36]. Eq. (2.2) is used if the optimal indicator value needs to be

maximized and Eq. (2.3) is used if the desirable indicator value is minimal.

Xij—min xi;
by = —L 2.2)
max xij—min Xxij
_ max xij—Xij
b;j = (2.3)

max x;j—min x;j
The normalized and weighted values of the criteria are summed to obtain the Climate
index for each DH operator.

2.2. Summarize and identify energy management indicators and influencing factors at

the district heating company level

EnMS should be introduced to determine possible measures for energy consumption
reduction in the DH company. Its focus is to identify weak points in energy use and identify
energy efficiency measures. An objective method for such comparison of energy use in the
organization is selection of a precise energy efficiency indicators.

EnMS data collection of district heating company

Data collection stage, it is important to identify the data to be taken into account. District
company — operation is divided into three parts; energy production, energy transmission and
energy consumers.

First collect all of the data relating to the use of energy: consumption of energy resources:

wood chips, natural gas, electricity, and other resources. All incoming flows must be fixed.
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After that, need to collect data on produced units in the district heating company, that is the
amount of heat produced. It is necessary to identify all data locations: remote data system,
accounting data, and other accounting sources. The next step is to make sure that the data
collected is needed to determine energy performance. After the required data collection, need
to check are they representative: the measuring instruments have been verified, in the
accounting data are no missing data and the remote reading system has not been data missing.
The final step in data collection is to assess whether additional data are needed. If necessary,
consider introducing a new measuring device or method. Data compilation steps summarized
in Fig. 2.4.

Collects all the data of use Elimmation data who Evaluate the accurancy Evaluate or no shortage of
of energy shows energy performance and reliability of data data

Fig. 2.4. EnMS data compilation principal scheme
Fig. 2.4. shows that the phases are following one after another in order to obtain data
which can be further analysis in order to assess the company's energy efficiency in district
heating company.

Energy performance indicators for district heating company

The next step in the selection of indicators is to verify that the indicator will change with
changing circumstances, and define the factors affecting it. Has identified more than 180
different energy efficiency indicators both simple indicators and complex indicators. Choosing
the appropriate EnP1 should be established so that the company could objectively assess the
energy performance [83].

The indicator selection process of the first stage is to evaluate which indicators are
appropriate for district heating processes: heat production and transmission. District heating
companies' main energy consumers have a boiler or CHP plant. The main electricity consumers
are pumps, flue gas cleaning systems, hydraulic operations and etc.

EnPI should be every consumer's energy efficiency (each incoming flow compared to net
unit). Energy efficiency indicator — boiler efficiency coefficient can be applied separately to
each heat source and one type of fuel boiler total [84].

The next step in the selection of indicators is to verify that the indicator will change with

changing circumstances, and define the factors affecting it. If the indicator does not change
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(direct relation) in a different size, then this is a simple indicator of a change in direct relation,
it has formed a complex indicator.
DH company energy efficiency assessment system, which is based on the indicator
method is carried out following basic steps:
o |dentify all energy consumers;
e Define the major energy consumers;
e Determine the incoming resource flows;
o Determine the effectiveness of the heat source (each incoming flow compared to net
output flow);
e Regression analyses to determine if there is correlation of the indicator with certain
factors;
e Grouping of simple and complex indicators;
o Verify if the established indicators also perform operational indicator function;
e Selection of the necessary collection periods for each indicator (24 hours, a month or
once per three, etc.).
Creating indicator that objectively reflects the energy efficiency of the company, can
be used as a tool to identify the places for improvements and implementation of energy

efficiency measures.

2.3. Analysis of implementation energy management schemes benefits

To establish a reliable and functional data collection system by recording heat production
and consumption data in the heating plant and in each building connected to the heating system.
To be able to account produced and consumed energy, the installation of heat metering devices
is mandatory. With this simple measure it is possible to achieve savings of up to 10 % [85].

The reduction of energy consumption in a building and the achievement of a certain
amount of savings is possible, if centralized monitoring of a building's energy consumption per
day, week, month and year is implemented in the municipality. An example of energy funding
and a contractual relationship scheme for municipal building arrangement is illustrated in

Figure 2.5.
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Fig. 2.5. Example of energy funding and contractual relationship scheme for municipal

building arrangement [6]

As shown in Figure 2.5., one of the options is to establish a department of energy
management. Initially it could employ only one person — the head of the department and
gradually increase the number of people working for the department when the given financial
scheme starts working. The person working for the energy management department would be
responsible for managing operators of the heating plants and for managers of
municipallyowned buildings (people who are doing day-to-day energy management in the
building). The main tasks of the energy management department would be to plan and to reach
energy savings and to report about the progress to the municipality or city council on a regular
basis.

Monitoring and energy management expenses would be covered by the income from
energy savings. The overall budget that a municipality is spending for energy (electricity, heat
and/or fuel) will not change; however, it will also not require additional funds. This scheme
will be beneficial in the long term (see Eq.2.4):

M = Mcons + Y3 AM (2.4)
where:

AM - savings, €/year;

AML - establishment and maintenance of training course and system, €/year;
AM?2 - stablishment (and update) of procurement system, €/year;

AM3 - maintenance of energy management department, €/year;

AM4 - co-financing for energy efficiency measures, €/year;

AMS5 - expenses of energy management system, €/year;

M - total cost of energy at the moment, €/year;
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Mcons - cost of consumed energy, €/year.
2.4. Selection of Renewable Energy Solution for District Heating System

When moving towards climate and energy efficiency goals, it is important to introduce
the transition to RES in the DH company, determining the most suitable and profitable
technology.

Methodology is applied to a medium-size district heating company with an installed
capacity of about 30 MW. In the current system, 60 % of renewable energy is from renewable
energy sources, 40 % from fossil fuel — natural gas. The goal is select RES technology to cover

30% and reduce fossil fuel use by up to 10 % and increase energy independence.

Table 2.2.
Tehnlogy distribution by load
Current situation Planned situation Alternative situation
Summer 3 MW Condensing gas Solar collectors 21 595 m* + Solar PV panels 5504 m?
load . boiler accumulation tank 8000 m* —heat pump COP 3
L Woodchip
Baseload  TMWT fgﬁ‘e‘fi“f boller s MW+ Woodchipboiler= 7MW+ boiler +
1.68 MW = 1.68 MW flue gas condenser 1.68 MW flue gas
condenser = N
condenser
Woodchip
Above the 3 MW Same condensing 3 MW + Woodchip boiler + 3 MW boiler +
base load . gas boiler 0.5 MW flue gas condenser . flue gas
condenser
Peak load 210 MW Gas boiler 210 MW Gas boiler 210 MW Gas boiler|

Have 3 potential variants: curren situation, solar collector system with accumulation tank
in planned version and alternative heat pump with PV panels.

Multi-criteria analysis is used to identify the most suitable RES technology for the
company, which allows evaluation of alternatives from several aspects: technical,
environmental, economic and social factors.

The developed framework for choosing suitable RES technology for a district heating

company is illustrated in Fig. 2.6.
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Fig. 2.6. Decision-making framework
To make the right decision needs to choose an indicator that objectively characterizes the
situation. The first step to use MCDM is to select criteria. In literature and in the heat sector
can find many different indicators that are used to compare technologies (see Fig.2.7.) [86],
[87].

Economic Technical Environmental Social

Total investments Specific weight of renewable

i energy resources

Payback period ‘ )
Energy performance Reduction of greenhouse gas Jab creation

Subsidy )

enission

Resource costs Impact on the utilized land

Fig.2.7. Indicators for Renewable Energy Heating Technologies

In this case study, the two most important aspects are environmental and economic due
to the fact that the economic aspect has a direct impact on the heat tariff, and the company's
goal is to deliver heat safely and at the lowest possible price. The environmental aspect is very
important, because the companies operating in the energy sector that are in the ETS system in
the 4th period from 2025 to 2030, CO:2 allowances will no longer be granted. During the
transitional period, 30 % of the previous period will be calculated for companies that have
previously had free allowances [88].

Energy technologies are evaluated according to four criteria. The indicators chosen are a
total investment, resource costs, reduction of GHG emissions, and impact on land use. The

52



experts chose the importance of the criteria from 0 to 5 in order of importance, 0 without impact
- to 5 with extremely high impact.

To evaluate RES technology for DH, use the TOPSIS method is chosen. The TOPSIS
procedure consists of five main steps: the development of the normalized decision matrix and
the weighted normalized decision matrix, the calculation of the positive ideal and the negative
ideal solution and the determination of the relative proximity to the ideal solution.

2.5. Evaluation of the implemented RES measures and supplementation of the energy
management system indicators

When introducing new technology in a company, it is important to fit into the existing
system. One of the essential aspects of an EnMS is that performance is objectively reflected.
This research evaluates the influencing factors of solar collector systems and their importance

when reaching higher efficiency.

Case study
Analysed case study is a large-scale solar collector system installed in Latvia, Salaspils.

The total active area of collectors is 21 672 m? with integrated thermal acumulation tank of
8000 m®. The system is operating since September 2019, and it is the first large-scale solar
collector field for district heating in the Baltic States.

Have been installed total 1720 Arcon-Sunmark A/S HT-Heat Boost 35/10 solar
collectors, size of each collector is 2 x 6.3 meters. The collector has high absorber efficiency
~83%. The solar system is operating with a temperature regime 45/63°C, but in the thermal

accumulation system the temperature can be raised to 85°C.

Table 2.3.

Overview of main solar system parameters
Parameter Value
Total active area 21 672m?
Number of installed solar collectors 1720
Operational temperature regime of solar field 45/63°C
Volume of thermal storage tank 8000 m®
Absorber efficiency 83%
Gross efficiency T7%
Heat loss coefficient, al 2.27W/Km?
Heat loss coefficient, a2 0.0181 W/Km?
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The operatin settings are also important for the solar yield evaluation. Operation is
affected by two factors: the intensity of solar radiation and the set temperature.

The performance of solar collectors is determined according to the produced solar heat
according to (2.5) [89]:

Bp=Ac Mo G—ay (Tn—T)) —az T —T?1 fo fufo (25)

Where:

Pg - guaranteed performance (thermal power output),W;

Ac-collector area corresponding to the collector efficiency parameters, m2;

n0- optical efficiency;

al,a2- heat loss coefficients W/(K-m?);

G-solar irradiance on collector plane W/mz;

Ta - ambient air temperature °C;

Tm- Mean temperature of solar collector fluid, °C;

fp -safety factor taking into account the pipe heat losses in the collector field and
transmission lines;

fu -safety factor taking into account measurement uncertainty;

fo - safety factor for other parameters.

In the particular study the estimated pipe losses are 3%, therefore the used fp is 0.97. The
value of fu is assumed to be 0.95 for the total measurement uncertainty estimated to be 5 %.
The used safety factor for other parameters fu is assumed as 0.95 to take into account non-ideal
flow distribution and unforeseen heat losses.

Mean temperature of solar collector fluid is calculated according (2.6) [89].

T, = (Tc,in+2Tc,out) (2.6)
where Tc,in -hot side temperature (equal to collector outlet temperature) °C; Tc,out -
cold side temperature (equal to collector inlet temperature), °C.
Operation of solar thermal system is mainly affected by two factors: the intensity of solar
radiation and the set temperature. However, solar field performance is also impacted by the
following factors:

e Collector area;
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o Collector optical efficiency;

e System losses;

e Ambient air temperature;

e DH return temperature — inlet temperature
e Collector outlet temperature.

The next step is to understand which factors in a particular system can be affected by the
system operator and which can not. As this is the first project in the Baltic States the solar
radiation is also analysed to identify how the intensity of solar radiation affects the overall
system performance. Therefore, the solar collector yield is evaluated depending on the solar

intensity, DH heat carrier return temperature and the heat carrier flow rate.

Solar system monitoring system and input data

The monitoring system is designed to ensure security and to be able to calculate the
efficiency of solar collector field. Data reading points corresponds to solar district heating

guideline showed in Fig. 2.7.
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Fig. 2.7. Technical scheme of the measurement points [89]

The particular solar collector field in Salaspils is equipped with four solar radiation
meters, which are installed in opposite quadrants of the collector field. Solar radiation meters
are connected to circulation pumps, which increase or decrease the flow depending on the
average measurement of the two radiation meters. The cloudy weather is the main reason why
two measurements are compared. Radiation meters are located far enough away from each
other and while a shadow from a cloud may have fallen on one of the radiation meters, at the

same time other radiation meters are receiving a huge amount of solar radiation. Circulation
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pumps and flow are also connected and regulated by temperature meters, which display the
temperature in the solar collector system.

The day’s average radiation measurement is calculated using every measurement above
300 W/m2, because, experience shows that, at this value, it is possible to start thermal energy
production and obtain useful temperature, all measurements which are under this value are not
taken into account. During the night production stops. Radiation measurements are recorded
automatically and shall be performed a minimum of once every two minutes or even more
frequently. Up to 25 000 measurements are made during the 24 hours.

The produced thermal energy from solar collectors is also measured and recorded

automatically, to evaluate the solar energy yield.

2.6. Optimization of energy management system in a district heating company with a
large solar field

After the first year of operation of the solar technology, the evaluation of results and the
examination of optimization options in line with the EnMS. The data on first-year results allows
to estimate and analyze the influencing factors of the large-scale solar collector field in the
Baltic region, Latvia.

Statistical analyses and regression analyses method was used to obtain objective results
because of availability of comprehensive monitoring data of solar field operation. The use of
regression analyses clearly shows the influencing factors that should be optimized to reach
higher efficiency of the solar field. The regression analyses is divided into three steps: the first
part is data collection and compilation, the second part is the analysis of influencing factors,
and the third part is multi-regression analyses. The statistical data analysis was performed by

using Statgraphics 19-X64 software. The steps are summarized in the diagram (Figure 2.8.)
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Figure 2.8. Algorithm of methodology

Three efficiency influencing factors of solar collectors were evaluated, apart from solar
radiation as a direct influencing factor. These include the DH system’s return and supply
temperature, the return flow temperature difference, and flow rate. These factors were chosen
based on the analyzed results from previous studies of laboratory experiments and simulations.

Other factors such as wind speed and the effect of solar collector angle were not included
in the detailed assessment because these factors cannot be directly influenced by the DH
company, as the system is already operating. Furthermore, the solar collector field is stationary,
not equipped with a tracking system, and the placing angle is fixed, since it was calculated
according to the geographical location of Latvia. These last two mentioned factors should be

considered if the solar collector field were at the design stage.

Case Study

This study continues the previous reserch about the solar collector field in a DH company
in Salaspils, Latvia.

The heating plant consists of two wood chip boiler houses (7 MW + 1.68 MW flue gas
condenser and 3MW + 0.5 MW flue gas condenser) and 3 gas boilers (capacity of 10, 10, and

3MW) for peak load coverage. The overall heat production scheme is shown in Figure 2.9.
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Weather Conditions in Latvia

The Baltic Sea surrounds Latvia; the border of Latvia is 1878 km long, with
approximately 26.5% of which is a sea border. Consequently, there is a sea climate in a large
part of Latvia, meaning the region experiences a smaller temperature amplitude throughout the
year and more humid air. Based on information on the national meteorological database [90],
the following climatic conditions were observed in Latvia:

Average ambient air temperature: 8.2 °C in 2019 and 8.8 °C in 2020;

Highest ambient air temperature: 33 °C in 2019 and 30.8 °C in 2020;

Lowest ambient air temperature: —23 °C in 2019 and —10.3 °C in 2020;

Approximately 120 days with rainfall annually.

Solar radiation intensity in Latvia is equal throughout the entire territory. However, it is
most intense in the southern part of the country. The average annual solar radiation in Latvia
is around 1000-1100 kWh/m2 per year, which means that the sun shines approximately 1700
to 1900 h per year. Figure 3. Comparison of monthly total solar radiation (a) and annual total
solar radiation (b) in Riga from 2015 to 2020 [90].

The annual total solar radiance (Figure 3b) is an average of 1017 kWh/m2 in Riga.
However, it differs from the yearly conditions. For example, the maximal annual total solar
radiance was reached in 2018 (1074 kWh/m2), but the lowest value was in 2017 (966 kWh/m2).
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Data Processing

In this study, the efficiency of solar collectors was analyzed during the active production
season, i.e., April, May, June, July, and August in 2020. In this particular system, the solar field
starts to produce a valuable amount of thermal energy when solar radiation reaches at least 300
W/m2. Consequently, to determine more precisely the effectiveness of solar collectors, the
values from this mark were taken into account when calculating daily average solar radiation.
When solar radiation is lower, the field of collectors is in the pre-heating phase, which is not
considered. The time when solar radiation reaches 300 W/m?2 is variable during the season. For
example, on sunny days in April, it can be up to 9 h, while up to 11 h in July. The solar collector
field is equipped with several heat meters. The data are transformed according to Equation
(2.7) to make it possible to compare the data with observed solar radiation:

Pprod = (Qproa X 10°)/(S X t) 27)

Where:

Pprod - produced thermal energy by 1 m2 solar collectors of the specific day (W/m2);

Qprod - total produced thermal energy with solar collectors of the specific day (MWh);

S -total active area of the solar collectors (m2);

t - time when solar radiation has reached at least 300 W/m2 (h).

In this study, solar collector field efficiency is calculated according to Equation (2.8).

E = Prgq/Pproa 100% (2.8)

Where:

E - efficiency of solar collectors ( %)

Prad -average solar radiation to 1 m2 of the surface of the specific day (W/m2)

Annual solar radiation is an absolute value that can be converted into thermal energy.
Solar collector efficiency varies from approximately 17 to 77%. It is clear that solar collector
efficiency and heat production depend on solar radiation, but solar radiation cannot be
controlled, and thus this study further looks at how other DH operational parameters influence
solar collector efficiency.

In the particular solar DH system, thermal energy production from solar energy is
separated into two sides—primary and secondary. On the primary side, the heat carrier is
circulated through solar collectors, from which it removes thermal energy. The primary and
secondary side is connected through the heat exchanger. On the secondary side, heat is

transferred to the accumulation tank, where thermal energy is stored until it is demanded.
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The first analyzed parameter is the heat carrier flow in the primary side (primary flow).
Specifically, we analyzed how the changes in primary flow impact solar collectors’ efficiency.
An increased flow rate reduces the amount of produced thermal energy, and vice versa. This
parameter is increased under several conditions:

Solar energy production needs to be reduced due to thermal energy storage limitations.
This mainly occurs when there is a significant amount of thermal energy in the accumulation
tank and when weather forecasts expect high solar irradiation in the following days.

In early spring and late autumn, solar collectors cannot reach a temperature equal to the
heating network supply temperature in the DH system. However, to remove the load from the
other heat sources and not to use other energy resources unnecessarily, heat energy is removed
from the solar collectors, and the heat carrier is heated as high as possible.

The flow has been reversed in two cases, namely (a) if the accumulation tank has to be
cooled down in periods of high solar irradiation and low heat demand, and (b) when the ambient
air temperature is low in the winter, and the solar collector field must be heated to prevent the
system from freezing.

Another related parameter is the temperature difference between the return and supply
temperatures on the primary side. Boilerhouse operators can manage the temperature of the
heat carrier and can remove thermal energy from the primary side. One possibility of reducing
or improving those parameters is by managing how much flow reaches the heat exchanger. The
regulation strategy of the heat carrier’s return temperature on the primary side is similar to the
primary flow regulation described above.

The third analyzed parameter is the ambient air temperature. In Latvia, the daily average
ambient air temperature can change even two or more times from day to day, so we considered

this parameter important for further study.
Multiple Regression Analyses

To perform a statistical analysis of the data, author used the software Statgraphics
Version 19.2.01. The software program for data analysis and visualization includes more than

230 data analysis functions. Multiple variable analyses and multiple regression analyses were

used to determine the influence of variable factors on the solar collector field efficiency.
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3. RESULTS

3.1. Development of a national level sustainability assessment method for district
heating system

The developed methodology and results allow gain confidence that the DH company
is energy efficient and sustainable or in contrary, it is necessary to pay attention to several
aspects that should be improved.

Authors have analysed the performance of 20 DH operators in 2017. The analysed
DH systems differ a lot. The produced amount of annual heat ranges from more than
500 GWh in the capital city of Latvia, Riga to less than 1 GWh in smaller towns.

Table 3.1.shows the overview of normalized values of each criterion for analysed DH
systems. The value 1 indicates the best ranked system, but the value 0 the lowest obtained
value. As it can be seen, only two DH systems have purchased heat from industrial

enterprises.

Table 3.1.
Normalised Values of Obtained Values of Criteria
Ioczﬁon RES 55!83 em(i:sgéns = rc%r;'r:s] el Igseszts PEF ! ndhuesa;tr !
Riga 0.15 0.13 0.19 0.48 0.57 0.95 0.00
Daugavpils  0.16 0.00 0.09 0.40 0.09 0.49 0.00
Jelgava 0.92 0.97 0.36 0.97 0.42 0.95 0.00
Liepaja 0.63 0.30 0.81 0.56 0.30 0.81 0.00
Ventspils 0.90 0.93 0.90 0.87 0.53 0.92 0.00
Jirmala 0.47 0.00 0.21 0.30 0.00 0.55 0.00
Rézekne 0.00 0.00 0.47 0.18 0.26 0.42 0.00
Valmiera 0.25 0.00 0.00 0.20 0.66 0.56 0.46
Jekabpils 0.82 0.23 0.83 0.53 0.56 0.86 1.00
Salaspils 0.61 0.00 0.35 0.41 0.69 0.78 0.00
Saldus 0.86 0.60 0.80 0.73 0.08 0.86 0.00
Sigulda 0.94 0.30 0.95 0.42 0.39 0.87 0.00
Ludza 0.96 0.00 1.00 0.50 0.50 0.98 0.00
Gulbene 1.00 0.74 1.00 0.87 0.09 0.99 0.00
Aliiksne 1.00 0.00 1.00 0.51 0.41 1.00 0.00
Kekava 0.21 0.00 0.39 0.00 0.26 0.00 0.00
Brocéni 0.95 1.00 0.97 1.00 0.42 0.99 0.00
lecava 0.58 0.61 0.39 0.18 1.00 0.57 0.00
Marupe 0.00 0.00 0.39 0.00 0.74 0.24 0.00
Saulkrasti 0.70 0.00 0.67 0.21 0.44 0.75 0.00
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Fig. 3.1. shows the results of obtained Climate index values with and without
application of criterion weights. As it can be seen, the application of weights has a small
impact on the DH systems with highest and lowest Climate index values. The highest rank
is obtained for the DH systems were the heat is produced by using a biomass CHP
technology or the heat is purchased from industrial enterprises. The lowest Climate index

values are for DH systems where natural gas is the main energy source for heat production.
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- Fig. 3.1. Results of ranked Climate index values and obtained climate benchmark.

For the analyses, the benchmark is obtained according to the Pareto principle by
analysing the frequency of particular obtained Climate index values. The benchmark is
determined as the most frequent minimal value of the index. To demonstrate sustainable
heat production, the Climate index value should be above the determined benchmark value,
which is 0.31 for this particular case study.

The analyses show that five DH systems are below the obtained benchmark. These
companies should review their strategic plans with an emphasis on energy efficiency and
sustainability. Introducing this benchmark at the company level would allow recording

progress.
The transition to RES has a significant impact on the heat tariff. The fuel cost share

is much higher in the total heat tariff in cases when natural gas is used as the main energy

source (see Fig. 3.2.).
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Fig. 3.2. Fuel cost share in heat tariff dependence on natural gas and biomass share in heat

production

Fig. 3.2. shows a good correlation between the fuel cost share in heat tariff and total
biomass and natural gas share in overall DH energy balance. When biomass is used as an
energy source, the fuel cost share decreases and there is an increase in other costs. One of
analysed DH systems is further from determined biomass trend line because of use of wood
pellets, which is more expensive than other biomass energy sources.

The determined Climate index has a potential for further development and use in
system performance evaluation at international level. The methodology can be adjusted for
particular country specific conditions by using additional technical, economic and

environmental indicators.

3.2. Summarize and identify energy management indicators and influencing factors at the
district heating company level
When implementing an EnMS for a DH system, the company specification must be
considered. It is important to select the appropriate energy efficiency indicators at the
planning stage. In Table 3.2 the most important energy efficiency indicators and

influencing factors for DH company are summarized. [86, 91].
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Table 3.2.

The most important energy efficiency indicators and influencing factors

Energy performance indicator (EnPI) Unit Influencing factors Unit
Boiler efficienc
orer ? 1c1eu%y . . % or MWhy MWhg. Amount of produced heat MWh
coefficient or Specific fuel consumption
Relative heat loss in heat pipes % Amount of realised heat MWh
Specific electricity consumption kW MWh| Amount of produced heat MWh
Network water reverse oc
The flue gas condenser efficiency % temperature
Wood chips humidity %

One of the most important energy performance indicators in DH company is specific
fuel consumption or boiler efficiency coefficient. It is relatively easy to calculate specific
fuel consumption for a gas boiler because there is mostly a gas consumption meter and
produced heat meter installed at the boiler house, and these meters have high accuracy. But
woodchips boiler has more complicated because it is difficult to determine the amount of
the woodchips input, however, it is possible to obtain reliable monthly data and calculate
the average boiler efficiency.

Ltd “Salaspils Siltums” woodchips boiler specific woodchips consumption
depending on produced heat power collected in Fig. 3.3.
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Fig. 3.3. Woodchips boiler specific woodchips consumption depending on produced heat
power.

Specific woodchips consumption correlate on average with produced heat power (R2
=0.53), can be explained by the fact that the quantity of fuel entered data monthly observed
error. Because chips were stored outdoors sheds, and month-end surpluses read about. As
well as the furnace supplied chips humidity varied, depending on the load and present still
coming outdoor humidity, moisture in wood chips is determined upon arrival. Gas boiler

efficiency coefficient depending on produced heat power collected in Fig. 3.4.
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Between the gas boiler efficiency coefficient and the heat produced there is also
average correlation (R2 = 0.488), an idealized version of that correlation does not exist, but
at a smaller boiler capacity is less an efficiency, and to the power which is above 5 % is
stabilizing, so also is the correlation [5]. Therefore, it is important to choose the boiler
according to the heat load.

One of the aims of EnMS is to find out the weak points in the company's energy
consumption and identify potential energy efficiency measures. These vulnerabilities can
be identified if appropriate indicators and influencing factors are defined. There are two
ways to choose the appropriate energy-efficiency measures:

e Analyse the consumer or the consumer group, which has the highest recorded
energy consumption;

e Implement measures that are economically reasonable. The first measures will
be implemented with no need for investment or invest a small investment.
Further, the measures that have a significant impact on consumption can get the
most energy savings.

Measures, which do not require large investments, are employees and persons involved in
training, behavioral changes (defined employee motivation), etc. The measures which are necessary
for investments related to the new product change. Most of the identified measures which should
be introduced in the company, does not require large investments. The following identified
measures should be introduced in the analysed DH system to raise the efficiency of the heat
production process:

e Develop and implement operational indicators and procedures to ensure every day

control system and production process analyses;

o Create incentive measures for the control of the operator of work;

e Ensure regular training for boiler operator;
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e Introduce automatic boiler control system for the optimal setting and regular
check-ups;
The introduction of energy efficiency measures identified in the DH system could

save about an average of 4 % per year of energy.

3.3.Analysis of implementation energy management schemes benefits

When identifying the potential benefits of energy management, the specific situation
and size of the organization should be considered. Be aware there is an exception or no
existing system in the organization that can be supplemented, thus saving resources: time
and money. In Latvia, the majority of shareholders in district heating companies are the
municipality. This section explores ways to integrate energy management systems,
including heat performance, through an existing system.

Application of energy management system according to 1SO 50001 in the Saldus
municipality. In accordance with the population, Saldus municipality is one of the ten
biggest municipalities in Latvia. In January 2014 the number of inhabitants was around
27.2 thousand [92].

The size of the population is an important factor because it affects the number of
employees that should be involved in providing energy services and this increases the
complexity of the issue related to energy supply and use. To be able to introduce the energy
management standard, the establishment of good information exchange and communication
between the numerous local administrative units, is crucial.

When assessing the opportunity for introduction of the energy management standard
in this particular municipality, the current function of the municipality in the energy sector
should be taken into account. The Saldus municipality is an energy consumer, energy
producer, and provider. Moreover, one of its functions is also the regulation of the heat
energy tariff. All these mentioned roles should be considered when applying the 1ISO 50001
procedures.

The SEAP of Saldus municipality suggests that it is necessary to employ an energy
manager. The energy manager will evaluate the existing system of data collection and
availability and, based on this analysis, will develop a centralized data collection system
where information from all involved organisations would be summarised.

Currently the collection of energy data is partially centralized and is done by the

accountancy office of the municipality. However, the collected information is not assessed
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and analysed. The task of the energy manager would be to ensure that information is
transparent and clear, that data are analysed and conclusions of the analysis are transferred
into real energy savings. The energy manager should work closely together with the
working group responsible for the implementation of SEAP activities (see Figure 3.5).
According to the organisational model provided in Figure 3.5, representatives from local
administrations are responsible for the collection and delivery of energy data concerning
activities in their territory directly to the energy manager of the municipality.

In addition, companies that are owned or partially owned by the municipality are
obliged to give information to the energy manager. These are utility companies with a
housing management (SIA ,,Saldus namu parvalde”), water and waste management (SIA
“Saldus komunalserviss”) and district heating provider (SIA “Saldus siltums”) functions.
The SEAP working group is under the direction of the Executive Director of the
municipality.

Depending on the size of a municipality and the number of institutions that are
involved, the complexity of the energy management structure is changing. In less populated
municipalities, the proposed structure will be simpler. Besides organisational activities, the
SEAP also includes technical activities that should be implemented to decrease CO>
emissions. Some of the technical activities are linked to the implementation of standard
ISO 50001. These include:

e Installation of heat metering devices in the local heating plants in villages;

o Installation of heat metering devices in buildings connected to the district
heating systems;

e Establishing a registry for accounting the consumption of wood chips for
heating;

¢ Paying attention and recording parameters related to the fuel quality;

e Solving the issue of the ownership of street lighting;

e Providing the training to employees about electricity energy saving;

¢ Replacing the indoor lighting systems with more efficient;

e Implementation of energy audits in buildings with the highest specific
energy consumption.

In order to start adopting the 1SO 50001 in Saldus municipality, the first step is the
official decision by the council. Some good synergies can be expected between SEAP
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activities and standardisation procedure. The standardisation requires certain procedures in

a given time frame.
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Fig. 3.5. Organizational structure proposed by the SEAP of Saldus municipality

Establishing strict communication procedures among all levels — management, local
administrations, organisations and companies — in the first steps is essential. Other
preparatory works that were suggested for Saldus municipality are: installation of heat
metering devices and creation of database for centralized information storage.

The task of the energy manager will be to control data inputs, to analyses them and
to prepare reports. This database/data analysis tool should also calculate energy indicators
that should be further used for benchmarking purposes. The database should contain at least
information about the number of inhabitants in each local territory, information about
energy companies (heating plants, CHP plants), on a monthly basis — generated energy,
consumed fuel, electricity consumption, heat consumption, number of buildings under the
building management, change in the number of transport vehicles, fuel consumption, etc.

Establishing the procedures will also affect energy consumption and the decrease of

CO2 emissions could be achieved faster.

3.4. Selection of Renewable Energy Solution for District Heating System

The result of the multi-criteria analysis allows the company to choose the most
suitable solution for the transition to RES. The data reflect the operation of a medium-sized

DH company. This study presents a multicriteria decision—-making to prioritize three
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situations. The study evaluated the current situation when DH operator use a gas boiler in
summer period and 2 alternative RES scenarios:
e Planned situation — installation of solar collectors with thermal accumulation
tank for summer load coverage;
e Alternative situation — installation of heat pump with PV panels
Resources cost to natural gas is average to medium district heating company per EUR
to MWh, in Latvia natural gas price is to parts: consumption and distribution. In plan and
alternative costs is taken 0, because energy resource is solar. In only actually situation is
emitted greenhouse gas. In actually situation in 2018 50 % heat was produced using natural
gas, second 50 % of heat is produced using renewable energy resources — from the
woodchip boiler and from the flue gas condenser. In both alternatives, it is planned to refuse
from fossil fuels, use only at peak loads (see in Table 3.3.). Both alternatives require extra
land. In plan planned situation is necessary to prepare 6.5 ha of land to install solar
collectors with 21 595 m? active square. An alternative to the solution is about the same
area, but below it must be installed the active surface of the ground heat pump. The total
investment is attributed to installed MW. In current situation no investments is 0, because
all the equipment is existing. Both alternatives are designed to cover the summer load, with
an average power of up to 3 MW. The planed system has a capacity of 12.3 MW, but is an
8000 m® accumulation tank, which accumulates heat for the period when there is no solar
energy. But for the alternative, the installed capacity of the heat pump is 3 MW of heat
produced. Since the energy source of the heat pump is from PV panels, in night mode
electricity should be taken from the grid.
Resources costs, reduction of greenhouse gas emission, impact on the utilized land
and total investments best solution is when valuable is minimum, but best solution specific

weight of renewable energy resources in when valuable is maximum.

Table 3.3.
The Original Decision Making Matrix
5 Reduction of Specific weight of Impact on the .
esources costs grrsiesnsriwg:se gas :ZQSL\:\:&;EI: energy utilized land Total investments

Current situation 35 0.2 50 0 0
Planed situation 0 0 90 2 375000
Alternative situation 0 0 90 3 613333

min min max min min
Weights 0.25 0.23 0.2 0.14 0.18
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After normalizing values the matrix where values are from 0 to 1 is obtained, which

is easier to compare in a single score (see Table 2.4).

Table 3.4.
Normalized Decision Matrix
Reduction of Specific weight of
Impact on the .
Resources costs greenhouse gas  renewable energy L Total investments
. utilized land

emission resources
Current situation 0.00 0.00 0.37 0.95 0.93
Planed situation 0.71 0.71 0.66 0.32 0.36
Alternative situation 0.71 0.71 0.66 0.00 0.00

In TOPSIS method application, the important part is the determination of indicators’
weight, which in this case is chosen by DH experts. There can be one criterion with higher
priority, and all criteria can be equivalent. In this case study, the weight for resources costs
is slightly higher because DH company can gain energy independence and changes in
energy prices have less impact on overall heat production costs. The second most important
criterion is the reduction of CO2 emissions as reducing GHG is an important aspect when
choosing RES. To make decision need put weight to normalized matrix (see in Table 3.5.)

Table 3.5.

Weighted Normalized Decision Matrix

Reduction of Specific weight of

Impact on the
Resources costs greenhouse gas  renewable energy

Total investments

emission resources utilized land
Current situation 0.000 0.000 0.073 0.133 0.168
Planed situation 0.177 0.163 0.132 0.044 0.065
Alternative situation 0.177 0.163 0.132 0.000 0.000

To identifying the ideal point calculated matrix, where ideal is 0 and the rest shows
steps to ideal. The lower the value closer to ideal. The positive ideal solution for resource
cost is in planed and alternative situation, because the solar energy cost is 0, but current
situation is average natural gas prices. For reduction of greenhouse gas emission and
specific weight of renewable energy resources also the same options as resources costs.
Impact on the utilized land and total investments ideal solution is current situation, because
don’t need new investments and no more impact to land. Results are summarized in Table

3.6.
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Table 3.6.

Positive Ideal Solution

Reduction of Specific weight of

Impact on the

Resources costs greenhouse gas  renewable energy - Total investments
. utilized land
emission resources
Current situation 0.177 0.163 0.059 0.000 0.000
Planed situation 0.000 0.000 0.000 0.089 0.103
Alternative situation 0.000 0.000 0.000 0.133 0.168

Reverse process to find ideal solution is find negative solution. The negative solution

is the opposite ideal to resources costs, reduction of greenhouse gas emission and specific

weight of renewable energy resources anti-idol solution is current situation. Results are

summarized in Table 3.7.

Table 3.7.

Negative Ideal Solution

Reduction of Specific weight of Impact on the
Resources costs greenhouse gas renewable energy uti IF;ze d land Total investments
emission resources
Current situation 0.000 0.000 0.000 0.133 0.168
Planed situation 0.177 0.163 0.059 0.044 0.065
Alternative situation 0.177 0.163 0.059 0.000 0.000

The obtained TOPSIS result of this case study for the most suitable energy technology

for a medium-size DH company is presented in Table 3.8. It indicates that the prior is a

planned alternative-solar collector with an accumulation tank, and the second-best is an

alternative with heat pump installation and PV panels.

In this case study was evaluated current situation where nothing changes, in summer

use gas boiler and 2 alternative situations, where use RES. This study presents a

multicriteria decision — making to prioritize three situations.

Table 3.8.

TOPSIS Result of the Ideal/Anti-ldol Points and the Closeness Coefficients with Respect to

the Tree Scenarios

di+ di- ci Result rank
0.25 0.21 0.46 3.00
0.14 0.26 0.66 1.00
0.21 0.25 0.54 2.00
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A total of five indicators of decision-making covered economic and environmental
aspects. The best option is the planned scenario where solar collectors and storage tanks
will be installed (see in Fig.3.6.).

0.7
07 0.66

06 054
05 0.46

04
03
0,2

01

Current situation Planed situation Alternative situation
Fig. 3.6. The coefficients for 3 systems in case study.

3.4.  Evaluation of the implemented RES measures and supplementation of the
energy management system indicators

After integrating a new RES system into an existing DH system, it is important to monitor
and analyse the obtained results of the operation. It is crucial to compare performance with the
planned results and refer to it as the basis for future optimisation.

In the first year since solar collectors are installed in the analysed DH system of Salaspils,
the annual share of thermal energy produced by solar collectors is about 20% of the total
produced amount of heat. The amount produced using solar collectors was 11088 MWh, whilst
the total produced amount of thermal energy in Salaspils heating plant was about 58 GWh. The
highest share of solar field production is observed in June, July and August when the solar
energy share reached 46 — 49% compared to the total production. Although there are two wood
chip boilers installed in Salaspils DH plant, it was concluded, that the best solution to cover the
peaks demands in summer period is by using the natural gas boilers. Natural gas boilers can be
started immediately without time-consuming boiler starting process, which would be if
biomass boilers were used. Natural gas boilers in combination with solar collectors is used only
in the summer months. Biomass boilers are continuing working in April and June as they are
not sopped after the heating season. Therefore, total annual share of thermal energy produced

with natural gas boilers was only 10%.
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Fig.3.7. Share of thermal energy produced by solar collectors and total produced thermal energy in
2019

During the high solar radiation periods when the sun shines at high intensity for several
days, the installed 8,000 m® storage tank cannot accumulate all the produced solar energy and
the overheating protection of the solar field is started. But there are also moments of low solar
irradiation and cloudy weather for several days in which all the stored heat is consumed and
production by solar collectors is insufficient. In these moments, natural gas boilers are used for
heat production which operation is more efficient than biomass boilers when switched on for a
shorter time.

Another operational parameter which can be regulated by the operator is the solar field
set point. The set point is a manually adjusted temperature mark at which the solar collector
field circulation pumps start their operation and move the heat carrier towards the heat
exchanger, where heat is removed. In the summer months, the ambient air temperature and
solar radiation are much higher than in spring which results in higher solar thermal energy
production, but the demand for thermal energy on the consumer’s side is lower compared to
May and April. In such cases, the set point should be increased, thus reducing the amount of
energy produced and adjusting it with the heat consumption. The opposite situation is in spring
when demand for thermal energy is high enough and all solar energy is either consumed or
stored. Consequently, the set point is adjusted lower, sometimes even under the network flow
temperature to reduce the load from the biomass boilers and decrease the fuel consumption.

The obtained monitoring data are analysed by using the regression analysis method by
determining the correlation between different parameters. This method reflects the relationship
between two factors, which means that when one value changes, the corresponding one also

changes. The maximum value of correlation coefficients is 1.
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The data presented have been collected throughout the sunny season, which in Latvia’s
case is from April until August. Fig.3.7. shows that solar radiation is the main impacting factor
of produced solar thermal energy. Of all the parameters studied, which may affect the
performance of solar collectors directly, solar radiation has the highest correlation coefficient
with average value reaching 0.6112. Similar results have been observed in the studies carried
out in large-scale solar DH systems in Denmark [93]. The largest data distribution has been
observed in July, which is due to the regulation of the already mentioned set point. At high
productivity over several days and insufficient heat demand, the set point was raised reducing
produced thermal energy. But the highest correlation is observed in May because solar
collectors are placed in such a position that they produce heat energy with the highest efficiency
and productivity in May. This analysis approves it. If this correlation between solar radiation
and solar collector productivity is the strongest in May, the most appropriate conditions have
therefore been created to make production the most efficient at this time.
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Fig. 3.8. Produced solar energy dependency of solar radiation

Fig.3.8. presents correlation between ambient air and produced thermal energy. The
correlation between these parameters is lower in June, July and August, but higher in April and
May. The average correlation between ambient air temperature and produced thermal energy
is 0.2837, which means that the correlation is low and other conditions have higher impact on
solar collector performance.
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Fig. 3.9. Solar collector efficiency dependency of ambient air temperature

Another analysed impacting parameter that was examined in this study were flow and
return temperature of heat carrier. Study showed that correlation between these parameters and
produced thermal energy with solar collectors is very low. The data was very distributed and
knowing that the set point value was changed regularly, several times a day, the analysis of
these parameters is very complicated. When the temperature difference changes several times
a day, it is difficult to register and divide data on how much heat energy was produced with
each specific temperature difference between supply and return temperatures.

Fig.3.9 shows the comparison of the performance of numerous solar heating plants in
Denmark and the particular solar DH plant in Salaspils. All the heating plants which were
included in this comparison are using the same solar collector technologies from Arcon-
Sunmark A/S, HTHEATStore 35/10. The data were calculated as average solar performance
and solar radiation results during the period from 2012 to 2016 presenter in [14]. It is clear that
the Salaspils solar heating plant has achieved a high solar yield. The specific solar performance

(511 kwWh/m?) is high compared to other solar DH systems with similar average solar radiation.
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Fig.3.9. Comparison of solar heating plant performance demanding of solar radiation in
Denmark (average data of 2012-2016) [94] and solar heating plant installed in Salaspils
(2020)

The difference between the results could arise because solar heating plant in Salaspils is
actively working only in the first year, when the equipment and technologies are the most
effective, although the efficiency of solar collectors does not fall so significantly during the
years. The monitoring of system performance will be continued, and more driving factors
identified in the future.

Overall, the solar performance of the solar collector field installed in Salaspils is high,
however, it would be possible to produce even more thermal energy, if the plant would have
more storage, where to store the energy, or if the demand were higher. But the problem is that
the weather can not be controlled and the demand shrinks at times when the production (with
solar collectors) is the most productive — warm and sunny days. In further research, the author
analyses the efficiency of solar collectors by excluding the influence of solar radiation, to better

identify the effects of other factors, which impact efficiency less compared to solar radiation.

3.5.0ptimization of energy management system in a district heating company
with a large solar field

When installing the system, it was planned to cover 100% of the demand with solar
collectors in the summer months. However, in the summer months of 2020, it covered 90% of
the demand, while the rest was produced by using a natural gas boiler. The overview of actual
heat production by primary energy source in 2020 can be seen in Figure 2.6. It is therefore

essential to investigate whether there is a potential for improvement.
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Figure 3.10. Produced heat by used fuel in 2020.

The data on solar heat production was processed in two steps. In the first step, the four
influencing factors on the efficiency of the solar collector are evaluated separately. The
considered factors were return temperature, flow rate, supply, and return temperature
difference, and ambient temperature.

The author firstly assessed how the primary flow changes the efficiency of the solar
collector field. The obtained results show that the higher the flow, the higher the efficiency.
The obtained results of the regression analyses are summarized in Figure 3.11.
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Figure 3.11. Correlation of heat carries primary flow rate and solar field efficiency.

The flow depends on the solar radiation, and it is adjusted to reach the required supply
temperature. If the solar field produces more thermal energy than the actual heat demand, the
excess heat is stored in the accumulation tank.

When comparing the data of four analyzed months, the highest efficiency dependence on

the flow rate can be observed in April (correlation coefficient = 0.7946). Due to a higher heat

77



demand in April than in the summer period, there is still space heating necessary. The
efficiency is reduced when there are many sunny days and no demand is forecasted, and the
storage tank is full. Efficiency reduction is ensured by increasing the inlet temperature of the
solar collector, and as a result, the secondary side of the water in the inlet mixes with the flow
of warm water. Accordingly, in July, the regression coefficient is about 0.41. As can be seen
from the dotted points in the graph, the efficiency was reduced at these points and therefore
was less dependent on the primary flow rate. By optimizing the system, it is possible to increase
efficiency and obtain more solar energy. The optimization of the primary flow rate is also
necessary due to the high-power consumption of circulation pumps. The obtained data analyses
show that it was possible to reach higher solar efficiency with a lower flow rate on some days.
Therefore, further investigation could focus on the specific days with higher solar field
efficiency and lower primary flow rates.

The second influencing factor in this case study is the supply and return temperature

difference. The obtained regression analysis data are shown in Figure 3.12.
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Figure 3.12. Solar collector efficiency dependency on temperature difference.

Results show that the higher the temperature difference, the higher the efficiency of the
solar collector. The inlet temperature depends on the return temperature of the heating network,
but the set point regulates the outlet temperature from the solar field. The highest efficiency
regression coefficient with the flow rate is in April, but at the same time, lower dependence on
the temperature difference was identified. This clearly shows that quantitative heating network
regulation occurs in the spring, while qualitative regulation occurs in the summer. Results show

that further optimization could be performed to choose the suitable heating network regulation
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mechanism by seeking the equilibrium between pumping costs, heat losses, and solar field
efficiency.

The literature states that outdoor air temperature is an influencing factor [95] because it
affects the flow rates and heat carrier temperatures. The average daily outdoor air temperature
fluctuations were from + 1.7 to + 12.1 °C. Figure 2.9 shows that in April, there are days with
the highest solar field efficiency because the temperature differences can be maintained higher.
Moreover, in July, some points could be optimized. The set temperature (the temperature of
the heat carrier before the heat exchanger) was changed based on weather forecasts for the
coming days. When days with higher solar irradiation were upcoming, this set point was
increased, thus decreasing solar collector efficiency. Future studies should consider the impact
of accurate weather forecasts on the overall solar field performance. It can be seen from the
data analysis that the changing set temperature causes fluctuating conditions of solar energy
production. The highest correlation coefficient is in May (R2 = 0.93) because the solar radiation
was stable, and the settings of the solar field were not changed.

The third factor analyzed is the effect of ambient air temperature changes on the solar
field efficiency (Figure 3.13.).
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Figure 3.13. Solar collector efficiency dependency on ambient air temperature.

It can be clearly seen that the average daily outdoor air temperature in Latvia from April
to August is in the range from + 1.7 to + 22.3 ° C. Compared to other influencing factors
defined as significant, the ambient air temperature is an ancillary factor that may explain the
deviation of the significant factors. However, comparing all the months, the highest outdoor
temperature and solar field efficiency correlation was observed in May (R2 = 0.4897).
Therefore, the outdoor air temperature is not a significant factor. However, it influences the

return temperature from the consumers and thus the temperature difference.
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Multiple regression analyses using Statgraphics functions were carried out to determine
the relationship between the analyzed variables. The output shows the results of fitting a
multiple linear regression model to describe the relationship between efficiency and three
independent variables. The equation of the fitted model is:
E=—31,617 + 0.135 x w; + 2.32794 x At + 0.091657 t, 3.1)

where w1 is primary flows, At is the temperature difference, and ta is the ambient air
temperature.

According to the obtained equation, by changing the influencing factors, the efficiency
of the solar collector can be calculated. Therefore, this equation can be used to plan solar field
performance and forecast heat production. When planning the system’s operation, the main
task is to reach the highest possible efficiency during periods when there is a higher demand
and maintain the efficiency when there is no more reserve in the storage tank.

Correlations and matrix plot functions were used to estimate the correlation between
variables and to then visualize this correlation. The data are summarized in Figure 3.14.
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Figure 3.14. Correlation plot.
This table shows Pearson product-moment correlations between each pair of variables.

These correlation coefficients range between —1 and + 1 and measures the strength of the linear
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relationship between the variables. The number of pairs of data values used to compute each

coefficient is also shown in parentheses. The third number in each cell location is a p-value

that tests the statistical significance of the estimated correlations; p-values below 0.05 indicate

statistically significant non-zero correlations at the 95.0% confidence level. The following pairs

of variables have p-values below 0.05:

Efficiency and primary flow;
Efficiency and temperature difference;
The primary flow and temperature difference;

The primary flow and ambient air temperature.

The strongest correlation is between efficiency and temperature difference, with a

correlation coefficient of 0.88. The weakest correlation is between efficiency and ambient air

temperature. However, ambient air temperature also affects the flow.
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CONCLUSIONS

In the dissertation a methodology has been developed, which allows to plan, implement,
evaluate, and optimise RES solutions into heat supply through the EnMS framework, which
increases the company's energy efficiency and reduces its environmental impact. The energy
management planning process have been applied at national, municipality and the company
level.

National heat supply evaluation

The Climate index has been introduced as a common rating to evaluate the performance
of DH system efficiency, environmental impact, and sustainability. Seven different criteria are
used for the evaluation: share of RES, share of RES CHP, specific CO2 emissions,
environmental costs, specific heat losses, primary energy factor and share of heat delivered by
industrial enterprises. The composite index framework has been applied and the criteria are
prioritized and weighted according to the AHP method.

The use of a Climate index could improve the competition among DH operators and
promote moving toward more sustainable solutions. The determined Climate index could also
be a criterion for the heat tariff calculation. DH companies with highest Climate index could
be allowed to have a higher profit share, easier heat tariff approval process or obtain other
benefits. The method is applied for 20 different DH operators. The obtained Climate index
values for 15 DH Companies are above the estimated average reference level. Five DH systems
were below the determined benchmark due to use of natural gas as the main energy source.

Energy management at municipality level

The standardized energy management procedures are flexible and can be also
successfully applied to organisations, including municipalities. Availability of energy data is
crucial for planning the actions and for monitoring their implementation. Lack of data can be
solved through implementation of integrated data management procedures as part of an EnMS.
Information should be further used for calculating measurable energy indicators.

The EnMS will work only in case when an integrated part of the overall organisational
and administrative model of the municipality exists. Therefore, use of standardised procedures
(as stated in 1SO 50001) is key for the implementation of a successful, functioning and efficient
EnMS at the municipal level. In the meantime it will also promote more efficient
implementation of sustainable energy action plans. To facilitate the implementation of energy
management standard in municipalities, a comprehensive guideline with step-by-step

procedures and examples would be very useful. This guideline should also contain a set of
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energy indicators that should be used to evaluate the state of art and to identify the critical parts
of the municipal energy system.
EnMS in DH

The work proposes a method for DH companies to select the appropriate renewable
energy technology, complementing the EnMS model. A multi-criteria analysis method was
used to objectively compare several alternatives for the transition to RES. Key indicators for
DH companies performance evaluation are the existing heating boiler efficiency depending on
the amount of heat produced, condenser efficiency coefficient depending on the return
temperature and wood chips moisture content, specific power consumption. The share of
renewable resources in the total amount of energy used is an important indicator of EnMS.

According to EnMS framework, it is crucial to check the performance of both
implemented energy efficiency measures and RES projects. Within the work this stage is
presented as the performance evaluation of the solar system. The operational data analysis is
performed for the first large-scale solar collector field in Latvia, connected to DH network, and
demanding of several factors.

The results of the analysis show that the system’s productivity is mainly demanded by
solar radiation and the strongest correlation between these parameters is identifies in May.
Solar collector performance is strongly affected by adjusted set point which sometimes must
be settled on a seemingly unbeneficial value, but it is done with the long-term aim to keep the
solar collector system safe. Correlation between solar radiation and collector productivity is
linear.

In the energy management acting step, the optimization possibilities of the solar collector
were analysed. The performance of solar collector field installed in Salaspils is high, however,
it would be possible to produce even more thermal energy, if the plant had more energy storage
capacity or if the heat demand were higher.

When introducing measures that increase the share of RES in a company, it is important
to check its compliance with the goals set at the planning stage. By ensuring a continuous
EnMS when introducing new solutions in the company, performance indicators need to be
improved. To ensure continuous improvement of the system operation, it is important to

identify optimization opportunities and set new goals.
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of Latvia. Discussions address crucial issues like availability of energy data, lack of measurable indicators in action plans and
challenges in the application of standard procedures in the municipality.
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1. Introduction

Currently municipalities face difficulties with the collection of historical energy consumption data. Mainly data
collection is time consuming and data quality in some cases is low. It might be the case when, e.g. data are available
only for one year or when the municipality can provide information only on partial energy consumptions of public
buildings. Therefore it is necessary to create an argument on how to ensure energy data quality in order to select
appropriate measures to reduce energy consumption and CO, emissions.

Hundreds of municipalities all over Europe have joined the Covenant of Mayors (CoM) initiative and developed
Sustainable Energy Action Plans (SEAPs) that aim to cut CO, emissions by at least 20 % by 2020. Nineteen
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municipalities in Latvia have joined the initiative, and all of them have developed and locally approved SEAPs.
However, the high number of signatories does not imply that the goals of the CoM will be achieved. Commitment is
required by the local municipalities, along with the ability to find and apply available instruments to finance the
required improvements [1]. This research study is focusing on how to increase the ability not only to finance, but
also to organize the required actions by means of energy management that is strengthened with the adoption of the
International Standard ISO 50001.

Another issue that is addressed in this study is related to the availability of reliable data in order to be able to
monitor the performance of SEAP implementation by calculating the respective energy indicators.

2. Methodology of research

The methodology of the research uses traditional energy management schemes in combination with provisions of
the ISO 50001. A new energy management system is proposed based on the procedures described in the standard
and the main focus is set on the application of measurable energy indicators as suggested by Neves and Leal, 2010
[2].

Introduction of energy management systems helps to decrease costs for energy, to minimise impacts on
environment, to improve indoor climate and working conditions, and to establish a positive public image of the
municipality [3]. The main target of energy management is to improve the organisation and control of energy
consumption. Energy management affects organisational activities and technical procedures as well as behavioural
patterns to decrease the total energy consumption of the organisation.

2.1. Energy management schemes

Several energy management schemes and organisational models exist. The choice of appropriate schemes
depends on the size of the municipality, existing organisational structure, present knowledge and capacity, and
availability of human and financial resources [4, 5]. Further in this paper some typical organisational models of
energy management schemes are provided — starting from one motivated person as an energy manager in a
municipality to a division dedicated to deal with energy data collection, implementation of SEAP actions and
monitoring of the results.

2.1.1. Implementation of a simple system of data collection and analysis

A commonly observed situation in rural municipalities is that energy production and consumption data is
collected separately by different municipal offices and forwarded to the accounting office. Moreover, the
information is not analysed. Often heat metering devices are installed neither in consumer buildings (both public and
residential), nor in the heating plant. Records are limited only to information about the purchase of fuel, which is
very often approximate. In this situation it is very crucial to establish a reliable and functional data collection system
by recording heat production and consumption data in the heating plant and in each building connected to the
heating system. To be able to account produced and consumed energy, the installation of heat metering devices is
mandatory. With this simple measure it is possible to achieve savings of up to 10 % [6]. The four main stages of
simplified energy management are:

System development (plan!): There are several options on how data should be collected and recorded. Data can be
collected by the accounting office; however, it is more efficient to appoint one person who is responsible for energy
management. This person should try developing a data collection system that would require minimal investment for
collection of the maximum amount of relevant information.

Data collection (do!): The responsible person must have a clear idea and understanding about the information
that is necessary to be collected. Installation of heat metering devices will assure collection of the actual energy
consumption (kWh/month, week or day) of each building, but it is also important to collect information about fuel
consumption, fuel quality, boiler efficiency, etc. Only a comprehensive set of information will allow for carrying out
proper data analysis, drawing conclusions and planning necessary actions [4].

Data_analysis (check!): The collected data should be processed and analysed. This will allow for avoiding
situations where the efficiency of the boiler is reported unrealistically high (over 100 %) or is too low (below 50 %).
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Collected data is to be mutually comparable and compared with historical data, and, if possible, with other buildings
in other regions. This is called benchmarking [7].

Conclusions_and change of action (act!): Depending on the data analysis, the responsible person can draw
conclusions and plan the course of the action. With the analysis of energy consumption data, a municipality will be
able to prioritise buildings, where energy efficiency measures should be implemented as a priority. In addition,
accounting energy consumption of each building ensures that energy users pay for the energy amount that they
consume. Cost for heating (heat tariff) in apartment buildings owned by a municipality is often set lower than the
actual cost of heat production and transmission.

2.1.2. Implementation of centralized monitoring and energy management system

The reduction of energy consumption in a building and the achievement of a certain amount of savings is
possible, if centralized monitoring of a building's energy consumption per day, week, month and year is
implemented in the municipality. An example of energy funding and a contractual relationship scheme for municipal
building arrangement is illustrated in Figure 1.
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Fig. 1. Example of energy funding and contractual relationship scheme for municipal building arrangement [6]

As shown in Figure 1, one of the options is to establish a department of energy management. Initially it could
employ only one person — the head of the department and gradually increase the number of people working for the
department when the given financial scheme starts working. The person working for the energy management
department would be responsible for managing operators of the heating plants and for managers of municipally-
owned buildings (people who are doing day-to-day energy management in the building). The main tasks of the
energy management department would be to plan and to reach energy savings and to report about the progress to the
municipality or city council on a regular basis.

Monitoring and energy management expenses would be covered by the income from energy savings. The overall
budget that a municipality is spending for energy (electricity, heat and/or fuel) will not change; however, it will also
not require additional funds. This scheme will be beneficial in the long term (see Eq.1):

M:MCOHS+ZS:AM M

k=1
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where:

AM - savings, €/year;

AM, — establishment and maintenance of training course and system, €/year;
AM, — establishment (and update) of procurement system, €/year;

AM; — maintenance of energy management department, €/year;

AM, — co-financing for energy efficiency measures, €/year;

AM; — expenses of energy management system, €/year;

M - total cost of energy at the moment, €/year;

Meons — cost of consumed energy, €/year.

2.2. International Standard 1SO 50001

Before implementation of the ISO 50001 there were several attempts to develop a joint energy management
system. In the beginning separate countries or regions developed national standards for their own use; however the
general regulation on the international level was missing. Local governments have significant influence on energy
management systems as they can either facilitate or hinder this process. Since 2000 a rapid development of national
energy management standards can be observed [8, 9].

Introduced in June 2011, the ISO 50001 International Standard was developed to provide a unified framework for
energy management. It specifies mandatory requirements for an energy management system such as an energy
policy, energy objectives, targets and action plans on significant energy use [10]. So far the standard has been
applied mostly in industrial sector organisations and companies [11]. Another International Standard on
environmental management ISO 14001 has been used to improve the energy performance of organizations,
companies and municipalities [12]. However, the focus of the latter standard is more on overall environmental
performance, and less on energy issues. Therefore, in this study, authors are investigating the opportunity to apply
ISO 50001 for municipal energy management schemes. Further a set of energy indicators that can be used by
municipalities is provided and results in respect to ISO 50001 are analysed. Two examples of simple energy
management schemes and their different organisational models in Ventspils and Liepaja municipalities are provided
and described.

Results are concluded by the application of the developed methodology onto the Saldus municipality. The energy
management system of this municipality is considered by assessing the implementation of their SEAP and by
application of the selected energy indicators to be able to use procedures described in ISO 50001.

3. Results
3.1. Energy indicators

Energy indicators in local sustainable energy planning can be used both as an assessment and as an action-
planning tool. Local authorities are using indicators mostly for diagnosis purposes, paying less attention to
monitoring. Using indicators as decision criteria to choose the actions to be included in the action plan is not yet a
common practice [2].

Polikarpova 1. [13] has provided eight important energy indicators that should be considered during the
introduction of ISO 50001 procedures in municipality where SEAP is developed. These indicators are used to
evaluate the energy efficiency performance of the municipality and can be used for benchmarking purposes — either
among buildings or among administrative units of the municipality. An overview of the selected indicators is given
in Table 1.
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Table 1. Indicators for introduction of energy management standard in the municipality in connection with SEAPs

Indicator Unit
Specific heat energy consumption kWh/m® year
Specific electricity consumption kWh/m? year
Energy consumption per inhabitant MWHh/inhabitant
Share of RES in total energy production %

Share of renovated buildings in the total number of buildings %

Share of the length of bicycle roads in the total length of the roads %

Share of energy efficient lighting in the total number of lighting %

3.2. Two alternative organisational models of energy management — case studies of municipalities in Latvia

This chapter gives example of two municipalities in Latvia - Ventspils and Liepaja - that have introduced slightly
different simple energy management organisation systems. Both cities are among the seven largest cities of Latvia
and are two central points of the western part of the country.

The governance of the Ventspils city is done by one main decision maker. In 2011 it was decided that training for
public building managers and technical staff will be organised. The initiative came from the Ventspils city council
and was mandatory for all public building managers. The training was provided by professional trainers in the field
of energy efficiency, indoor climate and ventilation systems. Two training courses were organised — one in 2011,
another in 2013. After the training, participants were required to take an examination. This requirement motivated
trainees to put more effort in their studies and to achieve better results. After the trainings, building managers and
technical staff were asked to apply their new knowledge to implement energy efficiency measures in their buildings.
Keeping good micro-climate conditions in public buildings was a mandatory requirement. In parallel, an extensive
monitoring programme of the energy performance of the buildings and indoor climate (CO, concentration,
temperature) quality was initiated. Monitoring was performed by an external auditor who justified the achieved
results of the building managers.

Another municipality — Liepdja started their energy management programme after development of SEAP. One
group of the activities was related to setting up an energy data monitoring system and to introduce this system in the
municipality. Liepaja municipality owns 65 public buildings and 56 of them were renovated during the last few
years. An energy consumption monitoring system was applied for 54 buildings that are connected to the district
heating system of the city. For these buildings the total annual heat consumption (MWh), specific heat consumption
(kWh/m? year) and savings compared with the previous year (%) are calculated.

Since most of the buildings in Liepaja were renovated by targeted investment grants, certain levels of savings
were mandatory. In order to achieve the planned energy savings, the municipality decided to start this energy
management programme and appoint one person to work as an energy manager and assume responsibility for
implementation of the required actions. All buildings were equipped with data loggers for temperature, moisture and
CO; level measurements. Information from the data loggers are electronically sent to the energy manager who
analyses it. Three trainings for building technicians were provided about proper operation of buildings after the
renovation. Also a regulation of the city council about ensuring good micro-climate in the buildings was issued. The
tool for data analysis was developed and is used by the energy manager.

In order to motivate building technicians and managers to achieve even greater energy savings, some part of the
saved money is given back to the building. Up to 15 % of the savings budget can be used in addition to the regular
salary of the staff. The remaining budget can be used for maintenance work, purchase of equipment or for financing
further energy saving measures.
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3.3. Application of energy management system according to I1SO 50001 in the Saldus municipality

In accordance with the population, Saldus municipality is one of the ten biggest municipalities in Latvia. In
January 2014 the number of inhabitants was around 27.2 thousand. The municipality is located in the south-western
part of Latvia and consists of 16 territorial units — 15 rural territories and Saldus town. 43 % of the population lives
in the town. The rural territories are administrated by 13 local administrations [14].

The size of the population is an important factor because it affects the number of employees that should be
involved in providing energy services and this increases the complexity of the issue related to energy supply and
use. To be able to introduce the energy management standard, the establishment of good information exchange and
communication between the numerous local administrative units, is crucial.

When assessing the opportunity for introduction of the energy management standard in this particular
municipality, the current function of the municipality in the energy sector should be taken into account. The Saldus
municipality is an energy consumer, energy producer, and provider. Moreover, one of its functions is also the
regulation of the heat energy tariff. All these mentioned roles should be considered when applying the ISO 50001
procedures.

The SEAP of Saldus municipality suggests that it is necessary to employ an energy manager. The energy
manager will evaluate the existing system of data collection and availability and, based on this analysis, will develop
a centralized data collection system where information from all involved organisations would be summarised.
Currently the collection of energy data is partially centralized and is done by the accountancy office of the
municipality. However, the collected information is not assessed and analysed. The task of the energy manager
would be to ensure that information is transparent and clear, that data are analysed and conclusions of the analysis
are transferred into real energy savings. The energy manager should work closely together with the working group
responsible for the implementation of SEAP activities (see Figure 2). According to the organisational model
provided in Figure 2, representatives from local administrations are responsible for the collection and delivery of
energy data concerning activities in their territory directly to the energy manager of the municipality.

In addition, companies that are owned or partially owned by the municipality are obliged to give information to
the energy manager. These are utility companies with a housing management (SIA ,,Saldus namu parvalde”), water
and waste management (SIA “Saldus komunalserviss”) and district heating provider (SIA “Saldus siltums”)
functions. The SEAP working group is under the direction of the Executive Director of the municipality.

Depending on the size of a municipality and the number of institutions that are involved, the complexity of the
energy management structure is changing. In less populated municipalities, the proposed structure will be simpler.
Besides organisational activities, the SEAP also includes technical activities that should be implemented to decrease
CO, emissions. Some of the technical activities are linked to the implementation of standard ISO 50001. These
include:

Installation of heat metering devices in the local heating plants in villages;

Installation of heat metering devices in buildings connected to the district heating systems;
Establishing a registry for accounting the consumption of wood logs for heating;

Paying attention and recording parameters related to the fuel quality;

Solving the issue of the ownership of street lighting;

Providing the training to employees about electricity energy saving;

Replacing the indoor lighting systems with more efficient;

Implementation of energy audits in buildings with the highest specific energy consumption.

In order to start adopting the ISO 50001 in Saldus municipality, the first step is the official decision by the
council. Some good synergies can be expected between SEAP activities and standardisation procedure. The
standardisation requires certain procedures in a given time frame. Establishing the procedures will also affect energy
consumption and the decrease of CO, emissions could be achieved faster.
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Fig. 2. Organizational structure proposed by the SEAP of Saldus municipality

Establishing strict communication procedures among all levels — management, local administrations,
organisations and companies — in the first steps is essential. Other preparatory works that were suggested for Saldus
municipality are: installation of heat metering devices and creation of database for centralized information storage.
The task of the energy manager will be to control data inputs, to analyse them and to prepare reports. This
database/data analysis tool should also calculate energy indicators that should be further used for benchmarking
purposes. The database should contain at least information about the number of inhabitants in each local territory,
information about energy companies (heating plants, CHP plants), on a monthly basis — generated energy, consumed
fuel, electricity consumption, heat consumption, number of buildings under the building management, change in the
number of transport vehicles, fuel consumption, etc.

4. Discussions

So far the international standard ISO 50001 has been applied by companies, however, the procedures are flexible
and can be also successfully applied to organisations, including municipalities. Availability of energy data is crucial
for planning the actions and also for monitoring their implementation. Lack of data can be solved through
implementation of integrated data management procedures as part of an energy management system. Information
should be further used for calculating measurable energy indicators.

A set of indicators that are appropriate for municipal energy system evaluation is available and tested on Saldus
municipality. The system will work only in case when an integrated part of the overall organisational and
administrative model of the municipality exists. Therefore, use of standardised procedures (as stated in ISO 50001)
is key for the implementation of a successful, functioning and efficient energy management system at the municipal
level. In the meantime it will also promote more efficient implementation of SEAP. To facilitate the implementation
of energy management standard in municipalities, a comprehensive guideline with step-by-step procedures and
examples would be very useful. This guideline should also contain a set of energy indicators that should be used to
evaluate the state of art and to identify the critical parts of the municipal energy system.
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5. Conclusions

SEAP is a good basis for implementation of ISO 50001 procedures in a municipality. This is because most of the
information needed for energy management is already structured by the SEAP. Although good synergies between
development of SEAPs and standardisation according ISO 50001 can be observed, it is only in case if activities of
SEAPs are focused on the introduction/improvement of an energy management system in the municipality.
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1. Introduction

The European Parliament and the Council in order decrease climate change, issued of Directive 2012/27/EU, which
provides that the state by 2020, the amount of CO» reduced by 20 %, increase energy efficiency by 20 %, increase
renewable energy sources (hereinafter RES) in the comparison to 1990 [1].

District heating companies have one of the biggest potential for reducing energy consumption, improving efficiency
and significantly reducing CO, emissions. Installing boilers with higher efficiency, isolating the heating pipes, etc.,
energy consumption will decrease significantly, as well as CO, emissions. Large energy efficiency projects require
large investments, but there are a lot of activities, which do not require such huge investments.
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Energy management system (EnMS) is a one of the ways how to efficiently and controlled to reduce energy
consumption in the organization. EnMS one of the main goal is control energy flow, identifying the place where need
to make improvement. The introduction of energy management systems manufacturing company average energy
consumption is reduced from 5 % to 15 %, depending on the company's energy level of quality [2].

This research study is focusing to prove, that energy management system in the district heating company is
a suitable solution for energy saving.

2. Methodology of research

The methodology of the research is using traditional energy management system steps to determine possible to
reduce energy consumption in the district heating company. EnMS can be adapted to different types of
organizations — municipalities, office work, manufacturing companies, etc. EnMS main focus is set on to identify
weak points in energy use and identify energy efficiency measures. To determine weak points in the organization of
energy use is a necessary objective method of comparison — to select a precision energy efficiency indicator (EnPI).

2.1. EnMS data collection of district heating company

Data collection stage, it is important to identify the data to be taken into account. In determining the energy
management system boundaries district heating company should take into account the specificity of the company —
that the operation is divided into three parts; energy production, energy transmission and energy consumers.

Determine boundaries should take account of legislative requirements. Latvian legislative requirements (after
Energy efficiencies law) states that the large electricity consumer company (in annual consumption of more than
500 MWh) EnMS cover 90 % of energy consumption, which means that the feasibility of all heat sources included.
Medium large district heating company consumes approximately 1000 MWh.

District heating company defines how far analysed, will try to influence consumers, determined already by selecting
the border, there are three scenarios:

e District heating company does not fully cover its consumers EnMS system, controlling the thermal efficiency;

e District heating company enterprise consumers include partially controlled house heat node status, increased
monitoring of running back temperature (more than just a board in the compensation report if the return temperature
is too high, to train administrators for house heating regulation and other related matters;

e Fully include consumers district heating company company EnMS, control building heat consumption, analyse,
together with the house managers, the introduction of energy efficiency measures as appropriate.

Analyse limits may stop at certain boiler house, but you can analyze each boiler furnace equipment separately,
setting limits for controlled flows.

Depending on the selected borders collects data. The basic framework for data collection throughout the spacious
range EnMS is the same. Data collection started with all of the data relating to the use of energy, the collection in one
place (in electronic form). The next step is data necessary for screening, this step has to be aware of the limits that are
to introduce EnMS to be able to filter out the required data. After the required data collection, followed by a check
whether they are representative, measuring instruments comply with the current rules, should be critically evaluated
data sincerity. Data compilation is evaluated to the existing data analysis can be conducted to assess the efficiency of
the company in case of shortage, make sure that the data can’t be obtained in some other way, or the other option must
be installed in a new measuring devices. Data gathering basic steps summarized in Fig. 1.

Collects all the data of use Elimination data who Evaluate the accurancy Evaluate or no shortage of
of energy shows energy performance and reliability of data data

Fig. 1. EnMS data compilation principal scheme.
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Fig. 1 shows that the phases are following one after another in order to obtain data which can be further analysis in
order to assess the company's energy efficiency in district heating company.

2.2. Energy performance indicators for district heating company

Has identified more than 180 different energy efficiency indicators both simple indicators and complex indicators.
Choosing the appropriate EnPI should be established so that the company could objectively assess the energy
efficiency within certain limits [3].

Indicator selection process of the first stage of the main energy source, it inputs and outputs traffic definition and
analysis. District heating company's main energy material input is fuel and electricity. Accordingly, the main energy
consumers are easier to identify than other companies, they have a boiler or CHP plant. The main electricity consumers
are circulating pumps, hydraulic operation, etc.

EnPI should be every consumer's energy efficiency (each incoming flow compared to net unit). DHS main business
of energy efficiency indicator is the amount of fuel consumed in the production of heat energy. Energy efficiency
indicator — boiler efficiency coefficient can be applied separately to each heat source and one type of fuel boilers total.
EnPI should be every consumer's energy efficiency (each incoming flow compared to net unit) [4]. DHS main business
of energy efficiency indicator is the amount of fuel consumed in the production of heat energy. Energy efficiency
indicator — boiler efficiency coefficient can be applied separately to each heat source and one type of fuel boilers total.
The next step in the selection of indicators is to verify that the indicator will change with changing circumstances,
define the factors affecting. If the indicator does not change (direct relation) in a different size, then this is a simple
indicator of a change in direct relation, it has formed a complex indicator.

In summary, in order to create a DHS company energy efficiency assessment system, which is based on the
indicator method is carried out as follows the following basic steps, which may vary depending on the complexity and
size of the organization:

Identify all energy consumers;

Define the major energy consumers;

Determine the incoming resource flows;

Define the useful and the rest of the output stream;

Determine the effectiveness of the heat source (each incoming flow of net output flow);
Determine the boundaries of what will happen comparison (each heat source, the same type of thermal springs,
a boiler house, etc.);

Determine whether the indicator is correlated with certain factors;

Grouped simple and complex indicators;

Verify that the established indicators also perform operational indicator function;

Selected for each indicator, the necessary collection periods (24 hours a month, on a tree, etc.).

Creating indicator that objectively reflects the energy efficiency of the company, can be used as a tool to identify
the places where you can make improvements and implement energy efficiency measures.

3. Results

One of the most important part in EnMS is data collection and analysis. The district heating plant material input
that is monitoring — resource accounting, energy consumption and other parameters according to the situation.
In Table 1 summarized the most important energy efficiency indicators and influencing factors [5, 6]. After this
indicators companies can have analyzed energy efficiency.
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Table 1. The most important energy efficiency indicators and influencing factors [5, 6].

Energy performance indicator (EnPI) Unit Influencing factors Unit
Boiler éfﬁ01ency . . % or MWh;,/MWh,, Amount of produced heat MWh
coefficient or Specific fuel consumption
Relative heat loss in heat pipes % Amount of realised heat MWh
Specific electricity consumption kWh/MWh Amount of produced heat MWh
Network water reverse oC
The flue gas condenser efficiency % temperature
‘Wood chips humidity %

One of the most important EnPI in DHS company is Specific fuel consumption or boiler efficiency coefticient.
Boiler who works to gas is relatively easy to calculate specific fuel consumption, because have gas meter and produced
heat power meter, and this meter system are stable. But woodchips boiler, have more complicated, because difficult
to determine the amount of the input woodchips, however a monthly basis data can be obtained reliable. Ltd “Salaspils
Siltums” woodchips boiler specific woodchips consumption depending on produced heat power collected in Fig. 2.
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Fig. 2. Woodchips boiler specific woodchips consumption depending on produced heat power.

Specific woodchips consumption correlate on average with produced heat power (R?>= 0.53), can be explained by
the fact that the quantity of fuel entered data monthly observed error. Because chips were stored outdoors sheds, and
month-end surpluses read about. As well as the furnace supplied chips humidity varied, depending on the load and
present still coming outdoor humidity, moisture in wood chips is determined upon arrival. Gas boiler efficiency
coefficient depending on produced heat power collected in Fig. 3.
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Fig. 3. Gas boiler efficiency coefficient depending on produced heat power.
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Between the gas boiler efficiency coefficient and the heat produced there is also average correlation (R? = 0.488),
an idealized version of that correlation does not exist, but at a smaller boiler capacity is less an efficiency, and to the
power which is above 5 % is stabilizing, so also is the correlation [5]. Therefore, it is important to choose the boiler
according to the heat load.

One of the EnMS analysis aims is find out the weak points in the company's energy consumption and identify
energy efficiency measures. Introducing EnMS company and planning of activities and their order of priority, the
significant energy consumers. DHS importance to the company, consumers are fired equipment — boilers and
cogeneration. Businesses with more equipment, more energy flows are listed separately. There are two ways to take
the steps to be energy-efficiency measures, the sequence:

e Start with the consumer, the consumer group, which recorded the highest energy consumption;
o Take the measures that are economically reasonable choice.

The first measures will be implemented with no need for investment, or invest a small investment, then the measures
that have a significant impact on consumption and can get the most energy savings. Measures, which do not require
large investments, are employees and persons involved in training, behavioral changes (defined employee motivation),
etc. The measures which are necessary for investments related to the new product change.

Most of the identified measures which should be introduced in the company, does not require large investments. The
identified measures should be introduced Ltd "Salaspils Siltums" in order to raise the efficiency of the production process:

e Implement operational indicators and procedures to ensure that every day should be controlled and analyzed
production processes;

Create incentive measures for the control of the operator of work;

Regular boiler operator training courses;

Train building administrators for heat knot adjustment;

Boiler control system the optimal setting for regular check-ups;

The introduction of energy efficiency measures identified Ltd. "Salaspils Siltums" on average per year could save
about 4 % of its energy.

3. Conclusions

Successfully implemented energy management systems organization acted as a driving force for continuous energy
efficiency improvements. Successful EnMS system is based on clearly defined organization's energy objectives and
plan for the realization of a detailed energy analysis, which is based on the organization of the energy efficiency
indicators table monitoring system, covers the procedure for the elimination of system failures and how is defining
new organizational goals and objectives to ensure the system's sustainability.

To describe the organization's level of energy efficiency, energy efficiency indicators are used which are adapted
to each organization individually. DHS energy efficiency indicators are generally complex indicators, because the
value is dependent on both the external and internal factors. Work during the development of the indicators are divided
into two groups — operational and statistical. Key indicators DHS company is boiler efficiency coefficient depending
on the amount of heat produced, the outdoor air temperature, condenser efficiency coefficient depending on the return
temperature and chips moisture, specific power consumption. EnMS is an important indicator of the share of
renewable resources in the total amount of energy used.
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Abstract — The research paper is focused on how to choose the most suitable renewable energy
solution using multi-criteria analysis for a district heating system. Making choices is based on
indicators — economic, environmental and social. In this case, the study used five indicators:
resources costs, totals investments, reduction of greenhouse gas emissions, specific weight of
renewable energy resources and impact on utilized land. Three situations have been
compared — current situation: gas boiler, planned: solar collectors 21 595 m? + accumulation
tank 8000 m® and alternatives: solar PV panels 5504 m?> — heat pump COP 3 are used in the
estimation. The multi-criteria decision-making analysis shows that solar collectors 21 595 m?
+ accumulation tank 8000 m? are considered as the best alternative. The methodology is based
on choosing a solution for a district heating company in Latvia.

Keywords — Accumulation tank; alternatives; district heating; multi-criteria analysis;
renewable energy; solar collectors; TOPSIS

1. INTRODUCTION

District heating systems are beginning to change, going from 3" generation heat sources to
4 generation heat sources. One of the most important aspects of this transition is integration
of renewable energy sources (hereinafter RES). The main aim is to achieve a non-fossil
district heat supply system, which will be a sustainable energy system [1]. Energy and climate
policy is based on increasing renewable energy resources to reduce greenhouse gas emissions.
To increase renewable energy sources to 54 % by 2030 in district heating in Latvia, is part of
the objective in Latvia’s National Energy and Climate Plan 2021-2030 [2].

To achieve the target, a large part of the responsibility is placed on medium and large heat
producers. According to Regulation No. 736 of the Cabinet of Ministers, the average
combustion plant is > 1 MW <50. A large-scale heat producer is above 50 MW. The
Regulation determines that from December 2018, all new boiler houses must comply with the
stringent environmental requirements, and already installed boilers must comply to these
same requirements from 2025.

Therefore, it would be far-sighted to replace incineration plants with 4 generations of
equipment using solar, wind and recovered heat.

In Latvia there are 631 boiler houses and 175 combined heat and power plants (hereinafter
CHP) which in total produced 7.15 TWh heat in 2017 according to central statistics data [3].
Every year Latvia’s district heating companies develop and reduce fossil fuel use. Using EU
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funds 106 projects will be implemented to increase efficiency in heat sources, heat networks
and move to renewable energy by 2020 [4].

In district heating systems (DHS), the most often used renewable energy sources (RES)
include biomass [5], [6], wind [8], geothermal [7] and solar. In the last years, thermal solar
energy [8] is used more and more in DHS. The largest thermal solar energy plants are in
Denmark [10], and Latvia and Denmark have similar climate conditions.

In order to choose the most appropriate solution, there is need to conduct analyses of multiple
criteria: economic, environmental and social. Multiple Criteria Decision Making (hereinafter
MCDM) methods generally require the decision maker to evaluate alternatives with respect to
decision criteria and also to assign importance weights to the criteria [11]-[13].

This research study is focusing on selecting the best RES energy technology solution to
medium, local district heating systems in Latvia using the multi-criteria decision analysis
method: TOPSIS. The TOPSIS and principle of TOPSIS (Technique for order performance
by similarity to ideal solution) method is presented by Chen and Hwang.

2. METHODOLOGY OF RESEARCH

In this case study, the methodology is applied to an average district heating company with
an installed capacity of about 30 MW. In the current system, 60 % of renewable energy is
from renewable energy sources, 40 % from fossil fuel — natural gas. One goal is to increase
energy independency and reduce fossil fuel use by up to 10 %.

TABLE 1. TECHNOLOGY DISTRIBUTION BY LOAD

Current situation Planned situation Alternative situation
Summer 3IMW Condensing gas Solar collectors 21 595 m? + Solar PV panels 5504 m?
load boiler accumulation tank 8000 m? — heat pump COP 3

Woodchip

Woodehip boiler oy Woodchip boiler + 7 MW + boiler +

TMW +

Base load 1.68 MW * flue gas 1.68 MW flue gas condenser 1.68 MW flue gas
condenser
condenser
Woodchip
Above the 3IMW Same condensing 3 MW + Woodchip boiler + 3 MW boiler +
base load gas boiler 0.5 MW flue gas condenser flue gas
condenser
Peak load 2:-10 MW Gas boiler 2-10 MW Gas boiler 2:-10 MW Gas boiler

Multi-criteria analysis will select variations to the summer load — solar collector system
with accumulation tank in planned version and alternative heat pump and solar cells.

The developed framework for choosing suitable RES technology for a district heating
company is illustrated in Fig. 1.

To make the right decision one needs to choose an indicator that objectively characterizes
the situation. The first step to use MCDM is to select criteria. Criteria can be classified into
four aspects: technical, economic, environmental and social [14]. In literature and in the heat
sector can find many different indicators that are used to compare technologies (see Fig. 2)
[15], [16]. First those most used are collected, and after five heat industry specialists choose
the most important ones. During the process of identifying the most valuable indicator, it was
scaled to the particular situation. In this case study, the two most important aspects are
economic and environmental due to the fact that the economic aspect has a direct impact on
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the heat tariff, and the company's goal is to deliver heat safely and at the lowest possible
price. The environmental aspect is also very important, as the heat demand increase every
year. For companies operating in the energy sector that are in the ETS system in the 4t period
from 2020 to 2030, CO; allowances will no longer be granted. During the transitional period,
30 % of the previous period will be calculated for companies that have previously had free
allowances [17]. It is therefore important to move to renewable energy in time.

Identify RES technologies for district
heating to be evaluted

v

Literature source Identify the criteria Experts opinion

v v

Economic Environmental

!f‘

Literature source > Weighting the selected criteria < Experts opinion
Literature source > Colect data for decision matrix < Experts opinion
Calulated normalized decision matrix
Calulated wighted normalized decision
matrix
Calulated positive and negative solution
Rank the RES tehnology
Fig. 1. Decision-making framework.
Economic Technical Environmental Social
Total iivestiisms Specific weight of renewable
] energy resources
Payback period .
. Energy performance Reduction of greenhouse gas Job creation
Subsidy emission
Resource costs Impact on the utilized land

Fig. 2. Indicators for Renewable Energy Heating Technologies.
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After summarizing indicators, TOPSIS is applied to make a decision. The procedure of
TOPSIS consists of main five steps: normalized decision matrix, weighted normalized
decision matrix, positive ideal and negative ideal solution, positive ideal and negative ideal
solution and calculation of the relative closeness to the ideal solution.

The energy technology is evaluated with four criteria. The selected indicators are: total
investments, resources costs, reduction of greenhouse gas emissions and impact on the
utilized land. Experts selected the importance of the selected criteria from 0 to 5 by
significance, 0 no influence — 5 extremely high influence:

— No influence: 0;

— Extremely low influence: 1;
— Moderately low influence: 2;
— Medium influence: 3;

— Moderately high influence: 4;
— Extremely high influence: 5.

Summarizing ratings were calculated weights. All chosen criteria weight in sum is equal

to 1. Criteria weights for chosen indicators are as fallow:
— Total investments (ET): 0.18;
— Reduction of greenhouse gas emissions (ERG): 0.23;
— Resource costs (ER): 0.25;
— Impact on the utilized land (EI): 0.14;
— Specific weight of renewable energy resources (ES): 0.2.

Step one, in accordance with TOPSIS, is to calculate the normalized decision matrix.

The normalized value r; is calculated as follows:

maxo;; —a;;
et/ et/ (M
y maxocij—minaij
if max aj;is preferable;
P /At )
v maxaij—minaij

if min a;; is preferable.

Calculate the weighted normalized decision matrix. The weighted normalized value v is
calculated as follows:

W - &)

Vi =1 2

The next step determines the ideal A" and negative ideal A~ solutions:
A= {(maxv, | j € Cp).(minv; [/ € Co)} = Wili=12..m}, )
A = {(m.il’lvi/- WS Cb)’(mXVg/ ljeco}= {V; | j=L2,....m} . 5)
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Calculate the separation measures using the m-dimensional Euclidean distance.
The separation measures of each alternative from the positive ideal solution and the negative
ideal solution, respectively, are as follows:

+ +.2
S =420 (v, -v))

; (6)

wherei=1,2, ..., m.

N

The final step is to calculate the relative closeness to the ideal solution. The relative closeness
of the alternative with respect to A™ is defined as follows:

C. -
TS ®

if ¢ =1, alternative is the ideal solution and if C; = 0, alternative is the Negative-Ideal
solution.

3. RESULTS

In the original decision-making matrix in Table 3, all five indicators to all three scenarios
are presented. The data in terms of current situation and planned situation are taken and
calculated from company data. Data to alternative situation are taken from offers from
companies. Resources cost to natural gas is average to medium district heating company per
EUR to MWh, in Latvia natural gas price is split into two parts: consumption and distribution.
In terms of the planned situation, alternative costs are considered to be 0, because the energy
resource is the sun. Only in the actual situation are greenhouse gases emitted. In the actual
situation in 2018, 50 % heat was produced using natural gas, second 50 % of heat is produced
using renewable energy resources — from the woodchip boiler and from the flue gas
condenser. In both alternatives, it is planned to refuse from the use of fossil fuels, and use
them only at peak loads (see in Table 1). Both newer alternatives require extra land.
In the planned situation is necessary to prepare 6.5 ha of land to install solar collectors with
21 595 m? active square. An alternative to the solution is about the same area, but below it
must be installed the active surface of the ground heat pump. The total investment is attributed
to the unit of installed MW. In the current situation, no investments is 0, because all the
equipment is already present at the plant. Both alternatives are designed to cover the summer
load, with an average power of up to 3 MW. The planned system has a capacity of 12.3 MW,
but has an 8 000 m? accumulation tank, which accumulates heat for the period when there is
no solar energy. But for the alternative, the installed capacity of the heat pump is 3 MW of
heat produced. Since the energy source of the heat pump is from PV panels, during the night
mode, electricity should be taken from the grid.
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TABLE 4. ORIGINAL DECISION MAKING MATRIX
Reduction of Specific weight fmpact on Total
Resource costs greenhouse gas of renewable o .
S utilized land investments
emissions energy resources
Current 35 0.48 50 0 0
situation
Planned 0 0 90 2 375 000
situation
Alterative 0 0 90 3 613333
situation
min min max min min
Weights 0.25 0.23 0.2 0.14 0.18

After normalizing the values, one obtains a matrix where values are from 0 to 1, after which

it is easier to compare results, see Table 5.

TABLE 5. NORMALIZED DECISION MATRIX

Reduction of

reenhouse Specific weight Impact on
Resource costs g of renewable P Total investments
gas utilized land
.. energy resources

emissions
Current situation 0.00 0.00 0.37 0.95 0.93
Planned situation 0.71 0.71 0.66 0.32 0.36
Alternative situation  0.71 0.71 0.66 0.00 0.00

In TOPSIS an important part is indicator weight, which is determined by district heating
experts. One criteria can be highly dominant, and can be equivalent. In this case study, all
indicators, one can say, are equivalent. The most important indicator is resource cost, because
the company gains more energy independence and changes in energy prices have less impact.
The next important indicator is reduction of CO» emissions. Reducing greenhouse gases is an
important part of choosing renewable energy sources. To make a decision, there is a need to
put weight via a normalized matrix (see Table 6).

TABLE 6. WEIGHTED NORMALIZED DECISION MATRIX

Reduction of Specific weight
Impact on Total
Resource costs greenhouse gas of renewable . .
S utilized land investments

emissions energy resources
Current 0.000 0.000 0.073 0.133 0.168
situation
Planned 0.177 0.163 0.132 0.044 0.065
situation
Alterative 0.177 0.163 0.132 0.000 0.000
situation

The point calculated matrix identifies the ideal, where the ideal is 0 and the rest shows in
terms of steps to the ideal. The lower the value; the closer to the ideal. The positive ideal
solution for resource cost is in the planned and alternative situation, because the solar energy
cost is 0, but the current situation contains average natural gas prices. For reduction of

106



Environmental and Climate Technologies

2019/23

greenhouse gas emissions and specific weight of renewable energy resources, the same
options include resource costs. Impact on the utilized land and total investments ideal solution
is current situation, because do not need new investments and no more impact to land.
The results are summarized in Table 7.

TABLE 7. POSITIVE IDEAL SOLUTION

Reduction of Specific weight

Resource costs  greenhouse gas  of renewable lmpact on Total investments
oo utilized land
emissions energy resources
Current situation 0.177 0.163 0.059 0.000 0.000
Planned situation 0.000 0.000 0.000 0.089 0.103
Alternative situation ~ 0.000 0.000 0.000 0.133 0.168

The reverse process to the find ideal solution is to find the negative solution. The negative
solution is the opposite ideal to resource costs, reduction of greenhouse gas emissions and
specific weight of renewable energy resources anti-idol solution is current situation.
The results are summarized in Table 8.

TABLE 8. NEGATIVE IDEAL SOLUTION

Reduction of  Specific weight

Resource costs  greenhouse of renewable In'lpact on Total investments
o utilized land
gas emissions  energy resources
Current situation 0.000 0.000 0.000 0.133 0.168
Planned situation 0.177 0.163 0.059 0.044 0.065
Alternative situation  0.177 0.163 0.059 0.000 0.000

The TOPSIS result of this case study, to choose the most suitable energy technology for
medium district heating company, is presented in Table 9. Indicates that prior is planned
alternative-solar collector with accumulation tank, second best is alternative heat pump with
PV panels.

In this case study, the current situation was evaluated where nothing changes, in the summer
a gas boiler is use and 2 alternative situations, where RES was used were considered.
This study presents a multi-criteria decision making method to prioritize three situations.

TABLE 9. TOPSIS RESULT OF THE IDEAL/ANTI-IDOL POINTS AND
THE CLOSENESS COEFFICIENTS WITH RESPECT TO THE TREE SCENARIOS

di* dir ci Result rank
0.25 0.21 0.46 3.00
0.14 0.26 0.66 1.00
0.21 0.25 0.54 2.00

A total of five indicators for decision making cover economic and environmental aspects,
however future studies should consider a wider range of aspects. The best option is the
planned version where solar collectors and storage tanks will be installed (see Fig. 3).
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Fig. 3. The coefficients for 3 systems in case study.

4. CONCLUSIONS

After the multi-criteria analysis, the best option is the planned scenario where the solar
collector field and the accumulation tank are installed. This alternative is better than heat
pump with PV panels, because investment to installed MW is lower and impact to the land
less. If the second alternative would be the accumulation tank and in there is no need to take
electricity from the grid at night, then the result would be different. Because then, during the
day you can produce more and accumulate heat that can be used at night. Although in the
current situation there is no need for additional investment and land resources, the cost of
resources and environmental impact make the current system less competitive.

However, the results are influenced by the choice of indicators, which also include
subjectivity. More experts could be taken, but even the human factor would remain. In the
future analysis, sensitivity analysis of the criteria weights can be used to clarify each criterion
weight influences on the results.
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Abstract — District heating (DH) has been highlighted as an important part in future carbon
neutral energy supply. However, the performance of different DH systems varies a lot and
the existing regulations do not always motivate DH companies to move toward more
sustainable heat production. Therefore, this article presents novel methodology for Climate
index determination which can be further used for the comparison of DH systems. The
Climate index includes seven different indicators which show DH system performance
according to energy efficiency, sustainability and environmental impact dimensions. The
methodology is applied for 20 different DH systems operating in Latvia. The results show that
the performance of S natural gas-based DH systems is below the determined climate
benchmark.

Keywords — Benchmarking; district heating; energy efficiency; sustainable heat supply.

1. INTRODUCTION

There are several aspects affecting the efficiency of the DH companies’ heating generation
and heat tariff [1]. One of most important is the district heating (DH) regulation mechanism.
Limited or non-existing competition that is commonly seen in the natural monopolies of
utilities, including the district heating production market, create additional challenges for the
regulator when it comes to operational efficiency evaluation. The lack of competition does
not incentivize DH producers to increase the productivity of their production processes and
the integrity of tariff determination [2].

Compared to a strictly regulated DH market, in a fully liberalized DH environment, the
tariff is determined based on the DH performance benchmarking parameters [1], [2]. It
promotes an incentive-based regulation framework [3], [4]. While a strong debate over which
of the DH regimes is the most convenient [5]-[8] is on-going, more and more studies focus
on the examination of the effects and benefits of introducing benchmarks in DH market
regulation for the operational efficiency evaluation [9], [10]. Benchmarking in a natural
monopoly market structure is as useful as in a fully liberalized market since it allows to
compare how the performance efficiency of DH production companies differ even though the
same service is provided for the end-consumer [2].

A study by Marques et al. [11] concludes that the application of benchmarking for
companies operating in the utilities and in a natural monopoly market structure has several
advantages. It incentivizes companies to operate more efficiently and implement innovative
solutions to increase technical efficiency which results in the optimization of operations and
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capital expenses, increased return on investment, and improved information transparency to
the utility consumers and stakeholders [11].

The findings from previous studies conclude that DH providers and their systems differ
considerably, therefore empirical regression analysis might not be sufficient to obtain
valuable results [12]. Instead, the model should incorporate different explanatory parameters
and relative indicator values that would rank each DH company with respect to its distance
from the benchmark [12]. However, there is still no consensus among researches on the
application of most appropriate benchmarking technique, since it has been found that the
choice of the benchmarking methodological approach, including indicators and model
boundaries influence the identified efficiency performance scores and ranking of the DH
companies [13], [14].

There are studies that introduce benchmark-based models as tools to measure DH efficiency
[9], [10]. A benchmark model includes a combination of different technical, structural,
economic indicators such as fuel type and prices, regulations in force, heat load and system
capacity, heat generation and transmission efficiency and others [15]. In addition, when
evaluating economic and environmental efficiency of DH plants, governmental decision
making, market structure, and managerial performance indicators are included [9].

Type of fuel consumed is a significant indicator that is incorporated in DH benchmark
setting studies. The share of renewable energy resources (RES) used in DH systems measure
the overall sustainability of the existing DH since it strongly affects the amount of greenhouse
gas emissions produced [10]. Setting an appropriate benchmark allows to group DH
companies not only with respect to their heat generation efficiency but by their achievement
towards low-carbon system incorporation as well. Therefore, it allows to highlight those DH
companies that reflect values below the determined benchmark. As a result, restructuration
and system improvement activities might be suggested to move towards more sustainable
low-carbon DH operation models [10]. In fact, environmental goals are found to be among
the dominant long-term operational targets of DH producers [16] since more sustainable
production is encouraged from the side of both the regulatory body and the consumer.

District heating plays a key role in achieving ambitious global climate change mitigation
goals [17], [18], therefore it is necessary for the authorities to design instruments and
introduce benchmarks that would monitor and stimulate DH providers to reduce their
greenhouse gas emissions. Decarbonization of DH providers can be achieved by utilizing
more efficient technologies or using less polluting energy sources, therefore moving closer
towards fully implementing a renewable, sustainable, carbon-free DH system [19].

Energy efficiency is one of the most significant factors for both reduction of climate change
and the DH tariff [20]-[22]. Energy efficiency in DH can be increased by adapting renewable
energy resources [23] and by improving technological efficiency of heat generation and
distribution networks [24]. Therefore, indicators measuring the performance of DH technical
parameters should be incorporated within the DH evaluation benchmark-based models.

In terms of technological parameters, type of heat source (boiler houses or CHP) should be
considered when analysing DH performance indicators [10]. Moreover, the technological
condition of the boiler houses and CHP strongly affect the generated heat efficiency,
therefore, DH benchmarking studies suggest to integrate variables that consider the
investments made in the heat source reconstruction activities in the recent years of their
operating activity [10]. In fact, it is especially important for the DH infrastructure
performance assessment in Eastern Europe where lack of investments in the past indicate that
future DH modernization strategies must be implemented for future DH sustainability [22].
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The empirical findings by Noussan conclude that the performance and efficiency of DH
providers is strongly dependent on the energy source, fuel mix, conversion technologies, as
well as on the network losses in the system [25]. Moreover, when analysing technical
indicators in more detail, temperature is responsible for a large amount of network losses that
have occurred. In order to maximize the efficiency of the DH system, the network losses
should be reduced to a minimum. Therefore, low heat supply and return temperature in the
heat distribution chain is crucial to increase the energy efficiency of DH networks [26].

Other technology related opportunities are emphasized in a study by Paiho & Saastamoinen
[8] as important factors for the long term development of DH system: the implementation of
new production means, digitalization of operational processes and services. Diversification
of the production means includes the utilization and implementation of solar, ground-source,
surplus heat, geothermal energy, and other means that could potentially increase the long term
energy efficiency and optimize costs for DH production companies [8].

A novel technological efficiency benchmarking parameter was introduced in the study by
Sarma & Bazbauers, [1], which demonstrate that in order to enhance the technological
development and advancement in the DH infrastructure, ‘best available technology’ (BAT)
indicators could be used to set a benchmark that would serve as an instrument to monitor the
achievements towards higher efficiency of DH companies [1]. By setting the efficiency
requirements based on BAT indicators, DH companies could be stimulated and guided
towards improving their efficiency [1]. BAT parameters for different DH elements could be
used to construct the benchmark indices that would indicate how DH plant’s energy efficiency
deviates from the energy savings that BAT technologies can offer [27].

Another significant DH performance efficiency parameter is the amount of energy
generated. If the total produced energy output increases, the DH system benefits from
economies of scale [28] where the total costs per one unit of generated energy decreases [29]
and therefore the system operates with higher economic efficiency and could provide a
competitive heating tariff to the consumer. The cost optimization that the economies of scale
bring to the DH system increases the overall efficiency and competitiveness of DH. Therefore,
the mergers of DH companies and the overall expansion of DH business is suggested [30].

The main aim of this particular research is to present a novel methodology for Climate
index determination which can be further used for the comparison of DH systems. The
Climate index includes seven different indicators which show DH system performance
according to energy efficiency, sustainability and environmental impact dimensions. The
methodology is elaborated for Latvia, but it can be used in other countries, depending on the
availability of data and national priorities in energy supply sector.

2. METHODOLOGY

The main steps for climate benchmark determination can be seen in Fig. 1. The availability
of statistical overviews for main DH operators is limited, therefore, it is necessary to combine
different data sources. The reviews of environmental statistics (in particular, overview of air
protection) coordinated by State limited Liability Company ‘Latvian Environment, Geology
and Meteorology Centre’ are used to determine the fuel consumption for heat production [31].
The produced and consumed heat can be seen in applications from approvals of the heat
energy tariff by the Public Utilities Commission (PUC) [32]. The power produced in CHP is
obtained from the amounts paid within the framework of mandatory procurement (feed-in
tariff) [33], but for the missing information annual reports of companies are used. Authors
use the data set from 20 DH companies.
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Fig. 1. Main steps and methods for determination of climate benchmark.

After the detailed data assessment, authors define the main criteria for further analyses.
Seven different criteria are used (see Fig. 2) for calculation of the Climate index in the
particular case study. However, the criteria can be adjusted for country specific conditions.
The criteria are grouped within three different categories to have a more comprehensive
overview of DH system performance. Some of the selected criteria are interrelated, for
example, the total CO, emissions and primary energy factor depend on heat losses and share
of RES. However, each of chosen criteria show different aspects related to heat generation
and transmission operation conditions. The further weighting step allows to take into account
the interrelation by applying higher or lower weight score for particular criterion.

Climate Index

Efficiency factors Environmental factors Sustainability factors
I I I
. Specific CO, emissions Sh o
[) 4 are of RES, %
Specific heat losses, % ke/MWh | 0
I I
. Specific environmental o
Primary energy factor Share of RES CHP, %

costs, EUR/MWh

Industrial heat

Fig. 2. Criteria merged within the Climate index.

The analysed efficiency factors are the transmission heat losses from the heating network
identified as a percentage of total produced heat and the primary energy factor. Primary
energy factor (PEF) is an energy indicator used for quantifying the primary energy use of a
plant defined according to Eq. (1).
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where

E; the amount of the j-th primary energy consumed;

Ecup the amount of electricity produced in the CHP if any is installed;

fpj  the primary energy factor related to an energy source;

fpel the primary energy factor for the power plants;

Egqe the amount of energy delivered to the consumers.

The used primary energy factors can be seen in Table 1. Those are determined as country
specific values and highly depends on the national electricity mix. The assumptions can be
subject to change for assessment in other countries.

Authors have identified two main environmental factors: the specific CO, emissions and
the specific environmental costs associated with different external costs related to heat
production. The environmental cost factors have been identified according to previous studies
[34] (see Table 1).

In addition, sustainability criteria are used to evaluate the used energy production
technologies and energy sources. Therefore, authors have identified three different criteria:
the share of RES, the share of heat produced in RES CHP and the share of heat purchased
from industrial enterprises. It should be noted, that the heat purchased from different energy
production utilities is not perceived as heat from an industrial object. The heat from industrial
enterprises could be attributed to industrial waste heat and other excess heat sources when
such energy sources occur.

TABLE 1. MAIN ASSUMPTIONS FOR CALCULATION OF CRITERIA

Primary energy factors

Fossil fuels 1.1
Biogas 0.5
Biomass 0.2
Power from the grid 1.5
Environmental costs, EUR/MWh
CHP Biomass 43
CHP Natural gas 11.7
CHP Coal 24.1
CHP Biogas 13.8
HOB Natural gas 17.9
HOB Biomass 11.2
CO; emission factors, kg/MWh
Diesel fuel 267
Natural gas 202
Coal 354
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The criteria are prioritized to better reflect the use of sustainable development
opportunities. The weights for each criterion are calculated according to the Analytic
Hierarchy Process method (AHP). The base of the method is a pairwise comparison matrix,
which reflects the relative importance of the criteria [35]. In this case, the evaluation was
carried out by a group of experts, but a more comprehensive assessment could be provided
by the involvement of various stakeholders in the weighting process. The obtained values of
the criteria can be seen in Fig. 3. The highest priority has been determined for specific heat
losses and the share of industrial heat.
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Environmental
costs
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Primary energy
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Industrial heat

Share of RES CHP -

Fig. 3. Obtained weights for each criterion.

The calculated criterion j has been normalized by using Weitendorf’s linear normalization
method [36]. Eq. (2) is used if the optimal indicator value needs to be maximized and Eq. (3)
is used if the desirable indicator value is minimal.

x; = min x;
b,~,~ = — 2

max x, —minx,
) y

maxx. —Xx.
y J

max x,, —min x,
) y

)

i

The normalized and weighted values of the criteria are summed to obtain the Climate index
for each DH operator. Further, the authors use statistical analyses and the Pareto principle to
determine the Climate benchmark for the particular set of DH operators.

3. RESULTS

Authors have analysed the performance of 20 DH operators in 2017 according to the
methodology described above. The analysed DH systems differ a lot. The produced amount
of annual heat ranges from more than 500 GWh in the capital city of Latvia, Riga to less than
1 GWh in smaller towns. The heat is produced both in heat only boilers (HOB) and CHP by
using different energy sources as showed in Fig. 4.
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Fig. 4. Heat production technologies and energy sources used in analysed DH systems.

As can be seen in Fig. 4, there are DH systems that are already carbon neutral due to the
use of biomass for heat production. However, the principles of sustainable development and
biotechnology should be considered and the bio resource should be used efficiently. The heat
production from biomass is not always the most sustainable solution.

The data analyses have been performed in order to determine the main impacting factors of
the heat tariff. The regression analyses show an insufficient correlation between the
determined criteria and final heat tariff which is in line with the conclusions of previous
research [12]. The example of regression analyses for produced amount of heat and fuel costs
is presented in Fig. 5. Even though the final heat tariff does not show a strong dependence of
the total fuel costs (see Fig. 5), the fuel cost share is much higher in the total heat tariff in
cases when natural gas is used as the main energy source (see Fig. 6).
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Fig. 5. Regression analyses results for different criteria.
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Fig. 6. Fuel cost share in heat tariff dependence on natural gas and biomass share in heat production.

Fig. 6 shows a good correlation between the fuel cost share in heat tariff and total biomass
and natural gas share in overall DH energy balance. When biomass is used as an energy
source, the fuel cost share decreases and there is an increase in other costs. One of analysed
DH systems is further from determined biomass trend line because of use of wood pellets,
which is more expensive than other biomass energy sources.

Table 2 shows the overview of normalized values of each criterion for analysed DH
systems. The value 1 indicates the best ranked system, but the value 0 the lowest obtained
value. As it can be seen, only two DH systems have purchased heat from industrial
enterprises.

Fig. 7 shows the results of obtained Climate index values with and without application of
criterion weights. As it can be seen, the application of weights has a small impact on the DH
systems with highest and lowest Climate index values. The highest rank is obtained for the
DH systems were the heat is produced by using a biomass CHP technology or the heat is
purchased from industrial enterprises. The lowest Climate index values are for DH systems
where natural gas is the main energy source for heat production.

TABLE 2. NORMALISED VALUES OF OBTAINED VALUES OF CRITERIA

loc];gon RES gllif’ em(i:s?i:ms EnVil'c(:)l;:Islthal lf)lse::s PEF Imilu::: !
Riga 0.15 0.13 0.19 0.48 0.57 0.95 0.00
Daugavpils 0.16 0.00 0.09 0.40 0.09 0.49 0.00
Jelgava 0.92 0.97 0.36 0.97 0.42 0.95 0.00
Liepaja 0.63 0.30 0.81 0.56 0.30 0.81 0.00
Ventspils 0.90 0.93 0.90 0.87 0.53 0.92 0.00
Jiirmala 0.47 0.00 0.21 0.30 0.00 0.55 0.00
Rézekne 0.00 0.00 0.47 0.18 0.26 0.42 0.00
Valmiera 0.25 0.00 0.00 0.20 0.66 0.56 0.46
Jekabpils 0.82 0.23 0.83 0.53 0.56 0.86 1.00
Salaspils 0.61 0.00 0.35 0.41 0.69 0.78 0.00
Saldus 0.86 0.60 0.80 0.73 0.08 0.86 0.00
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Sigulda 0.94 0.30 0.95 0.42 0.39 0.87 0.00
Ludza 0.96 0.00 1.00 0.50 0.50 0.98 0.00
Gulbene 1.00 0.74 1.00 0.87 0.09 0.99 0.00
Aliiksne 1.00 0.00 1.00 0.51 0.41 1.00 0.00
Kekava 0.21 0.00 0.39 0.00 0.26 0.00 0.00
Broceni 0.95 1.00 0.97 1.00 0.42 0.99 0.00
Iecava 0.58 0.61 0.39 0.18 1.00 0.57 0.00
Marupe 0.00 0.00 0.39 0.00 0.74 0.24 0.00
Saulkrasti 0.70 0.00 0.67 0.21 0.44 0.75 0.00

For the particular analyses, the benchmark is obtained according to the Pareto principle by
analysing the frequency of particular obtained Climate index values. The benchmark is
determined as the most frequent minimal value of the index. In order to demonstrate
sustainable heat production, the Climate index value should be above the determined
benchmark value, which is 0.31 for this particular case study. The analyses show that five
DH systems are below the obtained benchmark. Further methodology could be developed for
the use of Climate index as one of criteria for heat tariff determination. Thus, the DH
Companies with lowest Climate index values would be forced to move toward more
sustainable heat production technologies.
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The determined Climate index has a potential for further development and use in system
performance evaluation at international level. The methodology can be adjusted for particular
country specific conditions by using additional technical, economic and environmental

indicators.
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4. CONCLUSION

The Climate index has been introduced as a common indicator to evaluate the performance
of DH system efficiency, environmental impact and sustainability. Seven different criteria
are used for the evaluation: share of RES, share of RES CHP, specific CO, emissions,
environmental costs, specific heat losses, primary energy factor and share of heat delivered
by industrial enterprises. The criteria are prioritized and weighted according to the AHP
method.

The method is applied for 20 different DH operators. The obtained Climate index values
for 15 DH Companies are above the estimated benchmark for this particular study. Five DH
systems were below the determined benchmark due to use of natural gas as the main energy
source.

The use of a Climate index could improve the competition among DH operators and
promote moving toward more sustainable solutions. The determined Climate index could be
a criterion for the heat tariff calculation. DH Companies with highest Climate index could be
allowed to have a higher profit share or easier heat tariff approval process.

The methodology can be adjusted and applied for different countries by including other
criteria for evaluation. The national heat production objectives can be included through
criteria weighting (e.g., lowering of transmission heat losses, integration of waste heat etc.).

Further analyses could include comparison of annual changes of Climate index values, as
there are important improvements in DH system operation in recent years. Currently, the
collection of necessary input data for Climate index calculations is time consuming.
Therefore, the improvements in statistical data availability should be ensured in order to
facilitate the calculation of the Climate index.
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Abstract: Solar energy transformation technologies are increasingly being used worldwide in the
district heating sector. In the Baltic states, only one district heating company has implemented a
large-scale solar collector field into its thermal energy production system, which is analyzed within
this research. In this study, we analyzed the first year operation of the solar field, solar collector
efficiency, and several influencing factors, i.e., ambient air temperature, heat carrier flow, and the
temperature difference between the supply and return heat carrier temperatures. The study includes
collecting and compilation of the data, analyzing influencing factors, and data analysis using the
statistical analysis method. In addition, the research presents a simplified multi-regression model
based on the actual performance of a large-scale solar field, which allows for forecasting the efficiency
of solar collectors by taking into account the main operational parameters of the DH system. The
results show that solar energy covers around 90% of the summer heat load of a particular district
heating system. However, they also show room for improvements in producing all the necessary heat
in the summer using solar energy. The regression analyses show that the most significant correlation
between all parameters examined was obtained in May, reaching R? = 0.9346 in solar field efficiency
evaluation. This is due to several suitable conditions for solar energy production, i.e., placing solar
collectors at an angle for them to be the most productive, having enough space in the storage tank,
and the demand for thermal energy being still higher than in the summer months.

Keywords: large-scale solar collector field efficiency; solar district heating; solar collector field
efficiency

1. Introduction

In the energy sector, renewable energy sources have played an increasingly important
role in recent years, including solar collectors. Since 1980, the price of solar collectors has
fallen and has become more affordable. Moreover, the efficiency has increased significantly
due to an improved control system, the availability of more energy-efficient pumps, and
improvements to other components [1]. All district heating systems aim to have less impact
on the environment as possible.

According to the latest data, in Europe, 70% of solar collector systems use flat collec-
tors [2]. Improving the efficiency of solar collector systems requires laboratory and on-site
testing. Several experimental case studies have examined the influencing factors for flat
solar collectors’ efficiency, namely solar radiation, temperature difference, and angle of the
collector position. Maximum efficiency may be achieved under several fulfilled conditions,
but it can also fall sharply after reaching it. Studies have also analyzed wind speed as
another such influencing factor: The efficiency of a flat solar collector is reduced when
wind velocity increases because the collector surface is cooled [3-5].

There are two types of solar district heating systems: standalone systems with stor-
age and combined systems [6,7]. Before integrating a solar collector system into district
heating (DH), it is crucial to consider the influencing factors to determine whether they are
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appropriate for the integration. For example, low return temperatures are essential when
considering the 4th generation DH system [8]. The usual temperature regime in district
heating networks is 90/60 °C, but typical low-temperature DH operates with heat supply
temperatures of 40 to 60 °C [9].

The accumulation system is a crucial element in the solar collector system to produce
more heat during peak hour when solar irradiation is highest [10]. An adjusted thermal
storage tank allows the solar system to work effectively and can integrate the solar field
into the overall DH systems.

2. Literature Review

Solar thermal technologies are becoming more and more popular solutions for DH.
This observation is based on the fact that the maintenance costs are comparably low, loans
for implementing such technologies are beneficial, and the technologies allow climate goals
to be achieved and are sustainable [11]. The only costs incurred during operation are the
electricity costs for circulation pumps that circulate the heat carrier. Other maintenance
costs are related to the following:

e Glycol filler: Glycol impurity ensures that the heat carrier does not freeze during the
low ambient air temperature. In most cases, the outdoor temperature at which the
heat carrier can still work properly is —10 °C.

e  Replacement of damaged equipment, for example, the temperature sensors or solar
collector glass covers.

The abovementioned categories are the main reasons that can raise the annual mainte-
nance costs, but those costs are still comparably low when considering other alternatives,
for example, fossil fuel or biomass boilers. Moreover, the effectiveness of solar collectors
is decreasing very slowly, i.e., only by a few percent per decade, and so the technology is
sustainable and can be used for a long time.

There are few designs of the collectors which are chosen that demand temperature
level requirements. For example, the most commonly used design in DH is flat plate
collectors (FPC), but those are mainly used to produce heat with temperatures up to 80 °C.
However, heat production with higher temperatures reduces the collectors’ efficiency
due to increased thermal losses [12]. Therefore, when higher temperatures are required,
evacuated tube collectors (ETC) are mainly installed, but parabolic trough collectors (PTC)
are used to reach even higher temperatures (70 to 150 °C) [11]. Recent publications have
also explored how to use nanofluids to improve the field efficiency of solar collectors [13].
However, such solutions are not yet extensively used.

The latest trends show that large-scale solar collector fields have been installed during
the last decade [11]. For example, the solar collector field installed in Silkeborg, Denmark,
reaches 156,694 m?. This tendency is becoming more popular because of the need to
ensure renewable energy throughout the year. At the same time, it makes it necessary to
integrate effective heat storage systems to store a significant amount of energy throughout
the summer season, which can later be used in the autumn. Therefore, it is possible to
avoid using other technologies, such as biomass or natural gas boilers. As a result, the
higher solar fraction and share of emission-free technologies can be reached.

Most of the studies related to solar heating system optimization are simulation-based
studies seeking optimal system design [12,13]. Several studies use technological design
and operational data from one of the first large-scale solar DH systems at the Drake
Landing Solar Community in Okotoks, Canada [14,15]. One such study was conducted by
Saloux and Candanedo [16], who analyzed the potential improvements of this system and
used model-based simulation to optimize the operation of circulation pumps and increase
storage system efficiency.

Bava et al. [17] developed a simulation model to calculate flow distribution in a
solar collector field. The obtained results were compared with the data from the solar
collector field near Hoje Taastrup, Denmark. The authors simulated the main hydraulic
parameters (the pressure drop, flow rate, inlet, and outlet temperatures) to confirm whether
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uniform flow distribution in the solar field can be achieved. A further study from Bava
and Furbo [18] investigated the effect of different improvement measures on the thermal
performance of the Heje Taastrup solar DH field based on a TRNSYS-MATLAB simulation.
The authors concluded that accurate inputs to the control strategy can increase the yearly
solar yield by 3%. It is necessary to perform more accurate solar irradiance measures, while
taking into consideration the temperature drop in heat exchangers and the efficiency drop
due to the incidence angle modifications to improve the control strategy.

Tschopp et al. [19] presented an in-depth overview of large-scale solar DH systems in
four countries (Denmark, China, Germany, and Austria), focusing on the DH market and
different technological solutions. The authors investigated the operation of each country’s
best practice solar DH systems by analyzing monthly produced solar heat and efficiency.
The study’s main aim was to investigate the most appropriate business models and support
policies, without focusing on the actual performance of the large-scale solar systems.

However, several researchers have investigated the actual operation of large-scale solar
DH systems. Noussan et al. [20] performed the hourly data analyses of the performance of
eight different solar fields in Denmark. The authors investigated the solar field efficiency on
a monthly and hourly basis and found the linear relation between solar field efficiency and
solar radiation. The authors concluded that further investigation is necessary to analyze
different affecting parameters of solar field performance.

Furbo et al. [21] compared the measured and calculated performance of different solar
fields in Denmark based on diverse weather conditions in six different regions. The authors
investigated the solar fields’ actual annual solar yield and calculated different efficiency
rates (KWh/ mz) by assuming different mean solar collector fluid temperatures.

However, there is still a lack of studies that analyze the actual performance of large-
scale solar fields integrated into the DH by considering the various conditions of the
heating network.

3. Aim and Scope of the Study

The main aim of this particular article is to find the factors influencing a large-scale
solar collector field and to find ways to improve its efficiency. The research focuses on the
evaluation under Baltic climate conditions, which have not been analyzed previously. In
addition, there is a lack of research based on actual operating conditions of solar fields,
as most studies investigate the experimental systems. Therefore, the monitoring data
analyses bring an added value to the evaluation of solar DH system performance. Previous
studies have analyzed factors that influence the productivity of the solar collector field—for
instance, solar radiation, heat carrier supply, return temperatures, and the ambient air tem-
perature was examined in [19]. Since it is impossible to influence solar radiation, the main
goal here is to approach which factors can be managed by the solar collector field operators
and how this can be done, with the intention to optimize the solar heat production.

The data analyses show the main bottlenecks that should be considered in the solar
DH system operational strategy. Furthermore, the obtained multi-regression equation
allows for forecasting the solar field efficiency in a simplified manner, which is crucial in
the preliminary investigation of the solar system integration. The multi-regression analysis
has not been previously applied in the case of a large-scale solar DH system investigation.

The article consists of four main sections, i.e., literature review, methodology, results,
and conclusions. First, Section 2 with the literature review presents the state-of-the-art
for solar energy use and the main aspects of solar DH systems. It is followed by the
methodology in Section 4, which describes the main steps of the research and has several
subsections: case study, weather conditions in Latvia, data processing, and multiple
regression analyses. Next, Section 5 shows the main results regarding booth data analyses
and multiple regression analyses, and finally, the main findings are summarized in the
Conclusions section in Section 6.
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4. Methodology

This study examines and analyzes the influencing factors of the large-scale solar
collector field in the Baltic region, Latvia. Different research methods have been used
in previous evaluations related to the use of solar energy, for example, transient system
simulations [12], multi-criteria analyses for decision-making [14], and system dynamics
modeling [15]. However, the statistical analyses and regression analyses method was
chosen here because accurate data on solar field operation are available. The use of
regression analyses clearly shows the influencing factors that should be optimized in order
to reach higher efficiency of the solar field.

The study is divided into 3 parts: the first part is data collection and compilation, the
second part is the analysis of influencing factors, and the third part is multi-regression
analyses. The statistical data analysis was performed by using Statgraphics 19-X64 software.
The steps are summarized in the diagram (Figure 1).

Analysis of efficiency
influencing factors

| CT

Captures Defined as an
significance insignificant factor
L 2
Analyzes how to
affect

v
Multiple regression
analyses

Input data

Input data B

Figure 1. Algorithm of methodology.

In this research, three efficiency influencing factors of solar collectors were evaluated,
apart from solar radiation as a direct influencing factor. These include the DH system’s
return and supply temperature, the return flow temperature difference, and flow rate. These
factors were chosen based on the analyzed results from previous studies of laboratory
experiments and simulations. Other factors such as wind speed and the effect of solar
collector angle were not included in the detailed assessment because these factors cannot
be directly influenced by the DH company, as the system is already operating. Furthermore,
the solar collector field is stationary, not equipped with a tracking system, and the placing
angle is fixed, since it was calculated according to the geographical location of Latvia.
These last two mentioned factors should be considered if the solar collector field were at
the design stage.

4.1. Case Study

The study analyzed the solar collector field in a DH company in Salaspils, Latvia.
The solar collector field with a storage tank was integrated into the existing system in the
autumn of 2019. Therefore, the study analyzed the summer period of 2020.

The heating plant consists of two wood chip boiler houses (7 MW + 1.68 MW flue
gas condenser and 3 MW + 0.5 MW flue gas condenser) and 3 gas boilers (capacity of
10, 10, and 3 MW) for peak load coverage. The active area of the solar collector field is
21,672 m?, and the total volume of the thermal energy storage tank is 8000 m3. The overall
heat production scheme is shown in Figure 2. The main technical parameters of the solar
field and DH system is summarized in Table 1.
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Figure 2. Case study scheme.

Table 1. Overview of main solar system parameters.

Parameter Value
Heat network temperature regime 90/60 °C
Total active area of solar field 21,672 m?
Number of installed solar collectors 1720
Collector brand Arcon-Sunmark A /S HT-Heat Boost 35/10
Operational tempera'ture regime of the 45/63 °C
solar field
The volume of the thermal storage tank 8000 m®
Absorber efficiency 83%
Gross efficiency 77%

4.2. Weather Conditions in Latvia

The Baltic Sea surrounds Latvia; the border of Latvia is 1878 km long, with approx-
imately 26.5% of which is a sea border. Consequently, there is a sea climate in a large
part of Latvia, meaning the region experiences a smaller temperature amplitude through-
out the year and more humid air. Based on information on the national meteorological
database [22], the following climatic conditions were observed in Latvia:

Average ambient air temperature: 8.2 °C in 2019 and 8.8 °C in 2020;

Highest ambient air temperature: 33 °C in 2019 and 30.8 °C in 2020;

Lowest ambient air temperature: —23 °C in 2019 and —10.3 °C in 2020;
Approximately 120 days with rainfall annually.

Several weather characteristics influence solar collector performance, such as solar
radiation, the time when the sun shines, and the wind speed. Solar radiation intensity
in Latvia is equal throughout the entire territory. However, it is most intense in the
southern part of the country. The average annual solar radiation in Latvia is around
1000-1100 kWh/m? per year, which means that the sun shines approximately 1700 to
1900 h per year. Figure 3a shows the monthly total solar radiation distribution during the
year. On average, the maximal solar monthly radiation is reached in May (173 kWh/m?)
and is minimal in December, i.e., only 7 kWh/ m?.
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Figure 3. Comparison of monthly total solar radiation (a) and annual total solar radiation (b) in Riga from 2015 to 2020 [22].

The annual total solar radiance (Figure 3b) is an average of 1017 kWh/m? in Riga.
However, it differs from the yearly conditions. For example, the maximal annual total
solar radiance was reached in 2018 (1074 kWh/m?), but the lowest value was in 2017
(966 kWh/m?).

The weather characteristics in Latvia cause considerable difficulties in planning the en-
ergy production rates and heat demand. The tendency of last few years shows that weather
in Latvia is unpredictable. For example, in 2020, the highest ambient air temperature was
30.8 °C, but in 2021 the temperature has already reached 37 °C in some locations in Latvia;
in 2020 the lowest ambient air temperature was —10.3 °C, but in 2021 it reached —31 °C.
Therefore, the DH operators and heat producers should be ready for the different scenarios
so that they can plan the necessary heat capacities, adapt to these temperature differences
without putting equipment at risk, and prevent the damage caused by weather.

4.3. Data Processing

In this study, the efficiency of solar collectors was analyzed during the active produc-
tion season, i.e., April, May, June, July, and August in 2020. In this particular system, the
solar field starts to produce a valuable amount of thermal energy when solar radiation
reaches at least 300 W/m?. Consequently, to determine more precisely the effectiveness
of solar collectors, the values from this mark were taken into account when calculating
daily average solar radiation. When solar radiation is lower, the field of collectors is in
the pre-heating phase, which is not considered. The time when solar radiation reaches
300 W/m? is variable during the season. For example, on sunny days in April, it can be
up to 9 h, while up to 11 h in July. The solar collector field is equipped with several heat
meters. The data are transformed according to Equation (1) to make it possible to compare
the data with observed solar radiation:

Porod = (Qproa % 10°) /(S x 1 M

where Ppoq is the produced thermal energy by 1 m? solar collectors of the specific day (in
W/m?); Qprod is the total produced thermal energy with solar collectors of the specific day
(in MWh); S is the total active area of the solar collectors (in m?); and t is the time when
solar radiation has reached at least 300 W/m? (in h).
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In this study, solar collector field efficiency is calculated according to Equation (2).

E = Prq/Pprod 100% ©

pro
where E is the efficiency of solar collectors (in %) and P,,q is the average solar radiation to
1 m? of the surface of the specific day (in W/m?).

Annual solar radiation is an absolute value that can be converted into thermal energy.
Solar collector efficiency varies from approximately 17 to 77%. It is clear that solar collector
efficiency and heat production depend on solar radiation, but solar radiation cannot be
controlled, and thus this study further looks at how other DH operational parameters
influence solar collector efficiency.

In the particular solar DH system, thermal energy production from solar energy is
separated into two sides—primary and secondary. On the primary side, the heat carrier is
circulated through solar collectors, from which it removes thermal energy. The primary
and secondary side is connected through the heat exchanger. On the secondary side, heat is
transferred to the accumulation tank, where thermal energy is stored until it is demanded.

The first analyzed parameter is the heat carrier flow in the primary side (primary
flow). Specifically, we analyzed how the changes in primary flow impact solar collectors’
efficiency. An increased flow rate reduces the amount of produced thermal energy, and
vice versa. This parameter is increased under several conditions:

1.  Solar energy production needs to be reduced due to thermal energy storage limitations.
This mainly occurs when there is a significant amount of thermal energy in the
accumulation tank and when weather forecasts expect high solar irradiation in the
following days.

2. Inearly spring and late autumn, solar collectors cannot reach a temperature equal to
the heating network supply temperature in the DH system. However, to remove the
load from the other heat sources and not to use other energy resources unnecessarily,
heat energy is removed from the solar collectors, and the heat carrier is heated as high
as possible.

3. The flow has been reversed in two cases, namely (a) if the accumulation tank has to be
cooled down in periods of high solar irradiation and low heat demand, and (b) when
the ambient air temperature is low in the winter, and the solar collector field must be
heated to prevent the system from freezing.

Another related parameter is the temperature difference between the return and sup-
ply temperatures on the primary side. Boilerhouse operators can manage the temperature
of the heat carrier and can remove thermal energy from the primary side. One possibility
of reducing or improving those parameters is by managing how much flow reaches the
heat exchanger. The regulation strategy of the heat carrier’s return temperature on the
primary side is similar to the primary flow regulation described above.

The third analyzed parameter is the ambient air temperature. In Latvia, the daily
average ambient air temperature can change even two or more times from day to day, so
we considered this parameter important for further study.

4.4. Multiple Regression Analyses

To perform a statistical analysis of the data, we used the software Statgraphics Version
19.2.01. The software program for data analysis and visualization includes more than
230 data analysis functions. Multiple variable analyses and multiple regression analyses
were used to determine the influence of variable factors on the solar collector field efficiency.

5. Results

When installing the system, it was planned to cover 100% of the demand with solar
collectors in the summer months. However, in the summer months of 2020, it covered 90%
of the demand, while the rest was produced by using a natural gas boiler. The overview
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of actual heat production by primary energy source in 2020 can be seen in Figure 4. It is
therefore essential to investigate whether there is room for improvement.
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Figure 4. Produced heat by used fuel in 2020.

The data on solar heat production was processed in two steps. In the first step, the
four influencing factors on the efficiency of the solar collector are evaluated separately.
The considered factors were return temperature, flow rate, supply, and return temperature
difference, and ambient temperature.

We first assessed how the primary flow changes the efficiency of the solar collector
field. The obtained results show that the higher the flow, the higher the efficiency. The
obtained results of the regression analyses are summarized in Figure 5.

0 R? = 0.7946
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70 , R2=05447
°l60 R?=0.5435
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S40
& 30
20 o
10
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50 100 150 200 250 300 350

Primary flow, m3/h
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Figure 5. Correlation of heat carries primary flow rate and solar field efficiency.

The flow depends on the solar radiation, and it is adjusted to reach the required supply
temperature. If the solar field produces more thermal energy than the actual heat demand,
the excess heat is stored in the accumulation tank.

When comparing the data of four analyzed months, the highest efficiency dependence
on the flow rate can be observed in April (correlation coefficient = 0.7946). Due to a higher
heat demand in April than in the summer period, there is still space heating necessary. The
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efficiency is reduced when there are many sunny days and no demand is forecasted, and
the storage tank is full. Efficiency reduction is ensured by increasing the inlet temperature
of the solar collector, and as a result, the secondary side of the water in the inlet mixes
with the flow of warm water. Accordingly, in July, the regression coefficient is about 0.41.
As can be seen from the dotted points in the graph, the efficiency was reduced at these
points and therefore was less dependent on the primary flow rate. By optimizing the
system, it is possible to increase efficiency and obtain more solar energy. The optimization
of the primary flow rate is also necessary due to the high power consumption of circulation
pumps. The obtained data analyses show that it was possible to reach higher solar efficiency
with a lower flow rate in some days. Therefore, further investigation could focus on the
specific days with higher solar field efficiency and lower primary flow rates.

The second influencing factor in this case study is the supply and return temperature
difference. The obtained regression analysis data are shown in Figure 6.

100
R?=0.5953
5 80 ° oe ; . e
EN ° e -
g 60 APPSR 09346
g e R2=0.8978
;E 40 » °
= 20 s
0
0 5 10 15 20 25 30
Temperature difference, °C
® April May o July August

Figure 6. Solar collector efficiency dependency on temperature difference.

Results show that the higher the temperature difference, the higher the efficiency
of the solar collector. The inlet temperature depends on the return temperature of the
heating network, but the set point regulates the outlet temperature from the solar field. The
highest efficiency regression coefficient with the flow rate is in April, but at the same time,
a lower dependence on the temperature difference was identified. This clearly shows that
quantitative heating network regulation occurs in the spring, while qualitative regulation
occurs in the summer. Results show that further optimization could be performed to choose
the suitable heating network regulation mechanism by seeking the equilibrium between
pumping costs, heat losses, and solar field efficiency.

The literature states that outdoor air temperature is an influencing factor [4] because
it affects the flow rates and heat carrier temperatures. The average daily outdoor air
temperature fluctuations were from +1.7 to +12.1 °C. From the Figure 6. it can be seen
that in April, there are days with the highest solar field efficiency because the temperature
differences can be maintained higher. Moreover, in July, some points could be optimized.
The set temperature (the temperature of the heat carrier before the heat exchanger) was
changed based on weather forecasts for the coming days. When days with higher solar
irradiation were upcoming, this set point was increased, thus decreasing solar collector
efficiency. Future studies should consider the impact of accurate weather forecasts on the
overall solar field performance. It can be seen from the data analysis that the changing
set temperature causes fluctuating conditions of solar energy production. The highest
correlation coefficient is in May (R? = 0.93) because the solar radiation was stable, and the
settings of the solar field were not changed.

The third factor analyzed is the effect of ambient air temperature changes on the solar
field efficiency (Figure 7).
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Figure 7. Solar collector efficiency dependency on ambient air temperature.

It can be clearly seen that the average daily outdoor air temperature in Latvia from
April to August is in the range from + 1.7 to + 22.3 °C. Compared to other influencing
factors defined as significant, the ambient air temperature is an ancillary factor that may
explain the deviation of the significant factors. However, comparing all the months, the
highest outdoor temperature and solar field efficiency correlation was observed in May
(R? = 0.4897). Therefore, the outdoor air temperature is not a significant factor. However, it
influences the return temperature from the consumers and thus the temperature difference.

Multiple regression analyses using Statgraphics functions were carried out to deter-
mine the relationship between the analyzed variables. The output shows the results of
fitting a multiple linear regression model to describe the relationship between efficiency
and three independent variables. The equation of the fitted model is:

E = —-31,617 +0.135 x wy + 2.32794 x At + 0.091657 t, 3)

where Wy is primary flows, At is the temperature difference, and t, is the ambient
air temperature.

According to the obtained equation, by changing the influencing factors, the efficiency
of the solar collector can be calculated. Therefore, this equation can be used to plan solar
field performance and forecast heat production. When planning the system’s operation, the
main task is to reach the highest possible efficiency during periods when there is a higher
demand and maintain the efficiency when there is no more reserve in the storage tank.

Correlations and matrix plot functions were used to estimate the correlation between
variables and to then visualize this correlation. The data are summarized in Figure 8.

This table shows Pearson product-moment correlations between each pair of variables.
These correlation coefficients range between —1 and + 1 and measures the strength of the
linear relationship between the variables. The number of pairs of data values used to
compute each coefficient is also shown in parentheses. The third number in each cell
location is a p-value that tests the statistical significance of the estimated correlations;
p-values below 0.05 indicate statistically significant non-zero correlations at the 95.0%
confidence level. The following pairs of variables have p-values below 0.05:

Efficiency and primary flow;

Efficiency and temperature difference;

The primary flow and temperature difference;
The primary flow and ambient air temperature.
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The strongest correlation is between efficiency and temperature difference, with a
correlation coefficient of 0.88. The weakest correlation is between efficiency and ambient
air temperature. However, ambient air temperature also affects the flow.

Pearson Product-Moment Correlations

-1,0 INENNNNNED)ORENNNEINEREnn ININE 10

efficiency

Primary flow

temperature difference

ambient air temperature

efficiency

Primary flow

temperature difference
ambient air temperature

Figure 8. Correlation plot.

6. Conclusions

The article presented an in-depth investigation of the operational data of the first
large-scale solar collector field installed in the Baltic states. The solar collector efficiency
dependence on primary heat carrier flow, the temperature difference between return and
flow heat carrier temperatures, and the ambient air temperature were all analyzed.

The strongest correlation of solar collector efficiency was observed for the temperature
difference between the return and flow temperatures of the heat carrier on the primary side.
In addition, a significantly high regression coefficient was observed in May (R? = 0.9346).
Therefore, the obtained data analyses show that it was possible to reach higher solar
efficiency with a lower flow rate in some days, and further investigation could focus on
optimizing primary flow to reduce the power consumption of the circulation pumps.

The obtained multi-regression equation shows the relationship between solar field
efficiency and main DH operational parameters. Therefore, the obtained equation could be
used in the simplified investigations to determine solar field efficiency by considering the
affecting parameters of specific DH systems. It can also be used as an input in different
optimization models in order to increase the solar field output under different conditions.

Given that the collector field was set up over 6.5 hectares, the solar radiation is
not equal for every collector. This particular field has 4 solar radiation meters, which is
sufficient for managing the collector field optimally. However, to increase efficiency, it
would be necessary to equip the solar collector field with even more solar radiation meters
to increase the average radiation value more appropriately to the situation. Thus, the
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flow rates would be better adjusted, and this would further increase the efficiency of the
solar field.

The results show that a solar collector’s field efficiency is significantly affected by the
heat load due to operational parameters. The efficiency increases in the heating season
but decreases if the DH system only provides hot water in the summer period. We found
that there was a period in the summer when the overall efficiency could be increased by
increasing thermal storage capacity. In the summer, demand was low, and the thermal
energy storage tank was overloaded, which led to the need to cool the storage tank down
by reversing the flows of the heat carrier at night. As follow up, there can be studies to
further investigate the economic optimization of solar heat accumulation systems. Future
studies can focus on the in-depth simulation of the thermal storage system to evaluate the
possible improvements and the economic justification of the solar DH system.
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Abstract — Europe has a course to zero emissions by 2050, with a strong emphasis on energy
sector. Due to climatic conditions in Latvia, district heating (DH) plays an important role in
the energy sector. One of the solutions to achieve the set goals in DH is to introduce
emission-free technology. Therefore, the popularity of installation of large-scale solar
collector plants continues to increase in DH in Europe. The first large-scale solar collector
field in the Baltic States was installed in 2019. Solar collector active area is 21 672 m? with
heat storage water tank 8000 m>. The article shows the first operation results of this system
and evaluates influencing factors. The results of the analysis show that system productivity is
mainly demanded by solar radiation, and the strongest correlation between these parameters
were established in May. The highest correlation between ambient air temperature and
produced thermal energy is reached when ambient air temperature is between 7 °C to 15 °C
and production process has not been externally regulated. The temperature difference
between flow and return temperatures of the heat carrier affect solar collector performance
minimally and strong correlation was not observed.

Keywords — District heating; large scale solar collector field; regression analyses

1. INTRODUCTION

A Green New Deal target is zero emission by 2050, as well as not to exceed global warming
under 1.5 °C. One of the main steps in this resolution is to decarbonise the energy sector. The
Green New Deal will promote decarbonisation of the economy in the energy sector and ensure
longer investment periods [1].

In recent years, use of sustainable heat sources in district heating (DH) has been growing,
heating network losses are reduced and digitalization is taking place to achieve the targets. A
variety of sustainable energy sources are used in DH in the EU — solar energy, heat pumps,
waste heat [2]. The system is moving to the 4" generation by implementing low potential heat
sources, lowering network temperature, integrating smart grid technology, different storage
technologies and promoting interaction with prosumers. When the operation of DH systems
becomes more complex, it is important to plan long-term development of heat production,
transmission and energy efficiency measures at the consumer’s side [3], [4].

Solar energy is a high potential for use in district heating [5]—[7]. Solar collectors are
emission-free technology and an appropriate solution to reduce CO; in the DH system.
Implementation of solar collector systems is increasing, because it uses unlimited solar energy
and have low maintenance costs [8]. Denmark is the world leader in the use of large-scale
solar collectors in DH, where approximately 160 000 m? of solar collector active area have
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been installed [9]. In Denmark, 70 % of all large-scale solar collector are installed by
Arcon-Sunmark. The high solar collectors’ efficiency and long warranty decrease the payback
time [10].

Climatic conditions are one of the main influencing factors in the operation of solar
collectors [11], [12]. Yearly, the global radiation in Denmark is approximately 1000—
1150 kWh/m?, but total radiation on collector surfaces is around 1100-1200 kWh/m?. The
total radiation to the collector area is affected by the installation angle, which in Denmark is
in average 30 to 40 degrees, depending on the goal — to get the maximum capacity in the
summer or the maximum produced energy [13]. In Latvia, yearly global radiation is
approximately 10001200 kWh/m? [14].

Yearly sum of global irradiation (kWWh/m’] Authors: M. Suri, T. Cebecauer, T. Hulkd, E. D. Dunlop
<1150 1200 > PVGIS © European Communities, 2001-2008
http:iire jre.ec.europa.ewpvgis/

< 863 900 >

Fig 1. Global irradiation in Latvia [14].

As can be seen in Fig. 1, Latvia is divided into zones — in the north-west of Latvia radiation
is higher. However, radiation levels in Denmark and Latvia can be considered equivalent.

The main aim of the article is to evaluate the performance of the first large scale solar
system in Baltic States after one-year operation period by determining the potential solar yield
under different impact factors.

2. METHODOLOGY

Several solar collector systems influencing factors and their importance have been
evaluated in this research. Influencing indicators also show how effectively the overall system
works.

2.1. Case Study

In this paper the analysed case study is large scale solar collector system installed in Latvia,
Salaspils. The total active area of collectors is 21 672 m? with integrated water storage tank
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of 8000 m®. The system is operating since September 2019, and it is the first field of
large-scale solar collectors for district heating in the Baltic States.

In total, 1720 Arcon-Sunmark A/S HT-Heat Boost 35/10 solar collectors have been
installed, size of each collector is 2.0 X 6.3 meters. The collector has high absorber efficiency
~83 %. The solar system is operating with a temperature regime 45/63 °C, but in the thermal
accumulation system the temperature can be raised to 85 °C, if necessary, which allows to
increase the total amount of stored heat.

TABLE 1. OVERVIEW OF MAIN SOLAR SYSTEM PARAMETERS

Parameter Value
Total active area 21 672 m?
Number of installed solar collectors 1720

Operational temperature regime of solar field  45/63 °C

Volume of thermal storage tank 8000 m*
Absorber efficiency 83 %

Gross efficiency 77 %

Heat loss coefficient, a, 2.27 W/km?
Heat loss coefficient, a, 0.0181 W/km?

The operating modes are also important for the solar yield evaluation. Operation is
influenced by two factors: the intensity of solar radiation and the set temperature. When the
solar irradiance is below 250 W/m?, the solar field is preheated, but the heat production starts
when the set temperature is reached. Production is divided into two stages — low temperature
and high temperature. Low temperature production starts when the solar irradiance is from
250 W/m? to 650 W/m2.When the solar irradiation is above 650 W/m?, high temperature
production starts. The overheating protection of solar field during high solar irradiation
period is done in two different ways. The first option is to cool it through the collector field
at night. The second option is to reduce efficiency by raising the inlet temperature in the
collector field.

The performance of solar collectors is determined according to the produced solar heat
according to Eq. (1) [15]:

P=A[n,-G-a(T,-T)-a, (T, ~T.)" £, f.- /. ] (1)

where
P,  Guaranteed performance (thermal power output), W;
Ac  Collector area corresponding to the collector efficiency parameters, m?;
Mo Optical efficiency;
ai, a> Heat loss coefficients W/(K-m?);
G Solar irradiance on collector plane W/m?;
Ta Ambient air temperature °C;
Tm  Mean temperature of solar collector fluid, °C;

fo Safety factor, considering the pipe heat losses in the collector field and transmission
lines;

fu Safety factor, considering measurement uncertainty;

fo Safety factor for other parameters.

In the particular study the estimated pipe losses are 3 %, therefore the used fp is 0.97. The
value of fu is assumed to be 0.95 for the total measurement uncertainty estimated to be 5 %.
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The used safety factor for other parameters fu is assumed as 0.95, considering non-ideal flow
distribution and unforeseen heat losses.

Mean temperature of solar collector fluid is calculated according to Eq. (2) [15].

T, +T...)
T — c,in c,out , 2
nET (2)
where

T.in Hot side temperature (equal to collector outlet temperature), °C;

Teout Cold side temperature (equal to collector inlet temperature), °C.

From the above equations it can be seen that the solar field performance is affected by the

following factors:

— Collector area;

— Collector optical efficiency;

— System losses;

— Ambient air temperature;

— DH return temperature — inlet temperature;

— Collector outlet temperature.

The next step is to understand which factors in a particular system can be affected by the
system operator and which cannot be changed. As this is the first project in the Baltic States
the solar radiation is also analysed in order to identify how the intensity of solar radiation
affects the overall system performance. Therefore, the solar collector yield is evaluated
depending on the solar intensity, DH heat carrier return temperature and the heat carrier flow
rate.

2.2. Solar System Monitoring System and Input Data

The monitoring system is designed to ensure security and to be able to calculate the
efficiency of solar collector field. Data reading points corresponds to solar district heating

guideline is shown in Fig. 2.
\G\ . D Flerwmeter

\ Pyranometes
(K Temperatune sensor

— Theprimyin

Solar collectors
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\ —~

TI-»isen..un.-l | Thaprim,out Tein

Heat exchanger
Fig. 2. Technical scheme of the measurement points [15].
The particular solar collector field in Salaspils is equipped with four solar radiation meters
installed in opposite quadrants of the collector field. Solar radiation meters are connected to

circulation pumps, which increases or decreases the flow depending on the average
measurement of the two radiation meters. The cloudy weather is the main reasons why two
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measurements are compared. Radiation meters are located far enough away from each other
and, while a shadow from a cloud may have been fallen on the one of the radiation meters, at
the same time other radiation meters receive huge amount of solar radiation. Circulation
pumps and flow is also connected and regulated from temperature meters, which displays the
temperature in the solar collector system.

The days’ average radiation measurement is calculated using every measurement above
300 W/m?, because, as experience shows, at this value it is possible to start thermal energy
production and obtain useful temperature, all measurements which are under this value are
not taken into account. During the night production stops. Radiation measurements are
recorded automatically and shall be performed as minimum once every two minutes or even
more frequently. Up to 25 000 measurements are made at the 24-hour period.

The produced thermal energy from solar collectors is also measured and recorded
automatically, in order to evaluate the solar energy yield.

3. RESULTS

In the first year since solar collectors are installed in Salaspils, the annual share of thermal
energy produced by solar collectors is about 20 % of the total produced amount of heat. The
amount produced using solar collectors was 11 088 MWh, whilst the total produced amount
of thermal energy in Salaspils heating plant were about 58 GWh. As it is shown in Fig. 3, the
highest share of solar field production is observed in June, July and August, when the solar
energy share reached 46-49 % comparing to the total production. Although there are two
wood chip boilers installed in Salaspils DH plant, it was concluded, that the best solution to
cover the peaks demands in summer period is by using the natural gas boilers. Natural gas
boilers can be started immediately without the time-consuming boiler starting process, which
would be the case if biomass boilers were used. Natural gas boilers in combination with solar
collectors is used only in the summer months. Biomass boilers continue to operate in April
and June, as they are not sopped after the heating season. Therefore, total annual share of
thermal energy produced with natural gas boilers was only 10 %.
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Fig. 3. Share of thermal energy produced by solar collectors and total produced thermal energy in 2019.
During the high solar radiation periods, when the sun reaches its highest intensity for

several days, the installed 8 000 m® storage tank cannot accumulate all of the produced solar
energy, and the overheating protection of solar field starts. However, there are also moments
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of low solar irradiation and cloudy weather for several days, in which all of stored heat is
consumed and production by solar collectors is insufficient. In these moments, natural gas
boilers are used for heat production, the operation of which is more efficient than biomass
boilers when switched on for a shorter time.

Another operational parameter that can be regulated by the operator is the solar field set
point. Set point is a manually adjusted temperature mark at which the solar collector field
circulation pumps start their operation and move the heat carrier towards the heat exchanger,
where heat is removed. In summer months the ambient air temperature and solar radiation is
much higher than in spring. This results in higher solar thermal energy production, but the
demand of thermal energy at the consumer’s side is lower compared to May and April. In
such cases, the set point should be increased, thus reducing the amount of energy produced
and adjust it with the heat consumption. The opposite situation is observed in spring, when
demand for thermal energy is high enough and all solar energy is either consumed, or stored.
Consequently, the set point is adjusted lower, sometimes even under the network flow
temperature to reduce the load from the biomass boilers and decrease the fuel consumption.

The obtained monitoring data are analysed by using regression analysis method by
determining the correlation between different parameters. This method reflects the
relationship between two factors, which means that when one value changes, the
corresponding one also changes. The maximum value of correlation coefficients is one.

The data presented have been collected throughout the sunny season, which in Latvia’s case
is from April until August. Fig. 3 shows that solar radiation is the main impacting factor of
produced solar thermal energy.
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Fig. 4. Produced solar energy dependency of solar radiation.

Of all the parameters studied, which may affect the performance of solar collectors directly,
solar radiation has the highest correlation coefficient with average value reaching 0.6112.
Similar results have been observed in the studies carried out in large-scale solar DH systems
in Denmark [12]. The largest data distribution has been observed in July, which is due to the
regulation of already mentioned set point. At high productivity over several days and
insufficient heat demand, the set point was raised reducing produced thermal energy.
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However, the highest correlation is observed in May because solar collectors are placed in
such a position that they produce heat energy with the highest efficiency and productivity in
May. This analysis proves it. If this correlation between solar radiation and solar collector
productivity is the strongest in May, the most appropriate conditions have therefore been
created to make production the most efficient at this time.

Fig. 4 presents a correlation between ambient air and produced thermal energy. The
correlation between these parameters is lower in June, July and August, but higher in April
and May. Average correlation between ambient air temperature and produced thermal energy
is 0.2837, which means that the correlation is low and other conditions impact solar collector
performance more.
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Fig. 5. Solar collector efficiency dependency of ambient air temperature.

Another analysed impacting parameters that were examined in this study were flow and
return temperature of heat carrier. Study showed that correlation between these parameters
and produced thermal energy with solar collectors is very low. The data was very distributed
and knowing that the set point value was changed regularly, several times a day, the analysis
of these parameters is very complicated. When the temperature difference changes several
times a day, it is difficult to register and divide data on how much heat energy was produced
with each specific temperature difference between supply and return temperatures.

Fig. 5 shows the comparison of the performance about numerous solar heating plants in
Denmark and the particular solar DH plant in Salaspils. All the heating plants included in this
comparison are using the same solar collector technologies from Arcon-Sunmark A/S,
HTHEATSstore 35/10. The data was calculated as average solar performance and solar
radiation results during the period from 2012 to 2016 presenter in [13]. It is clear that the
Salaspils solar heating plant has achieved high solar yield. The specific solar performance
(511 kWh/m?) is high compared to other solar DH systems with similar average solar
radiation.
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Fig. 6. Comparison of solar heating plant performance demanding of solar radiation in Denmark [13] and solar heating
plant installed in Salaspils (2020).

The difference between the results could arise, because the solar heating plant in Salaspils
is actively working only the first year, when the equipment and technologies are the most
effective, although the efficiency of solar collectors does not fall significantly during the
following years. The monitoring of system performance will be continued and more driving
factors will be identified in the future.

Overall, the solar performance of solar collector field installed in Salaspils is high, however,
it would be possible to produce even more thermal energy, if the plant had more storage for
the energy, or if the demand were higher. But the problem is that the weather cannot be
controlled and the demand shrinks at times, when the production (with solar collectors) is the
most productive — warm and sunny days. On the further research authors has planned to
analyse the efficiency of solar collectors by excluding the influence of solar radiation, to
better identify the effects of other factors, which dependency on the efficiency are
significantly lower compared to solar radiation. One of the main tasks will be more detailed
analysis of the set point by dividing several components — temperature limits and flow control,
on the primary (solar collector) and secondary (rest of the system) sides of the system.

4. CONCLUSION

The article presents the operational data analysis of a first large-scale solar collector field
in Latvia, connected to district heating network, and demanding of several factors.

The results of the analysis show that the system’s productivity is mainly demanded by solar
radiation and the strongest correlation between these parameters is identified in May. Solar
collector performance is strongly affected by adjusted set point which sometimes has to be
settled on a seemingly unbeneficial value, but it is done with the long-term aim to keep the
solar collector system safe. Correlation between solar radiation and collector productivity is
linear.
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Solar collectors installed in Salaspils are producing with the highest productivity at a time
when it is most beneficial:
— Solar radiation is high and it would be possible to produce a large quantity of heat;
— Placement creates suitable conditions for efficient production;
— The temperature of ambient air is within such limits as the demand for heat has not yet
fallen so low that the volume produced could not be realised.

The highest correlation between ambient air temperature and produced thermal energy is
reached, when ambient air temperature is between 7 to 15 °C and production process has not
been externally regulated. The temperature difference between flow and return temperatures
of the heat carrier affect’s solar collector performance minimally and strong correlation was
not observed.
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