
 

FACULTY OF TECHNOLOGY 

Integration procedures of energy devices 

Henri Pörhö 

 

 

 

 

DEGREE PROGRAMME IN PROCESS ENGINEERING 

Master’s Thesis 

July 2021 

 



 

FACULTY OF TECHNOLOGY 

Integration procedures of energy devices  

Henri Pörhö 

Supervisors: Petri Hietaharju, Jari Ruuska, Mika Ruusunen, Ari Vuokila 

DEGREE PROGRAMME IN PROCESS ENGINEERING 

Master’s Thesis 

July 2021 



ABSTRACT 

FOR THESIS University of Oulu Faculty of Technology 
Degree Programme (Bachelor's Thesis, Master’s Thesis) Major Subject (Licentiate Thesis) 

Process engineering (Master’s thesis)  

Author Thesis Supervisor 

Henri Pörhö Petri Hietaharju, Jari Ruuska, Mika Ruusunen, Ari 

Vuokila 

Title of Thesis 

Integration procedures of energy devices  

Major Subject Type of Thesis Submission Date Number of Pages 

Energy Systems  Master’s thesis 13.7.2021 100 

Abstract 

Energy systems are undergoing a transformation from a centralized fossil-fuel-oriented supply chain into a 

decentralized energy system with renewable energy. Decentralization of the energy system is causing an increase in 

complexity, which is why proper energy device integration is important to ensure good performance in the whole 

system.  

 

This thesis aims at providing scalable integration procedures for solar thermal and exhaust air heat pump systems. 

Synergy between district heating networks and the power system is also considered in exhaust air heat pump 

integration, as it exhibits a power-to-heat feature. Therefore, a lot of attention is also paid in this thesis to the power 

system. Aside from integration procedures, this thesis considers how communications should be arranged for the 

energy optimization system. Consideration is also given to the different goals that partners in the energy system may 

have, and how to balance them.  

 

A requirement specification process was utilized to generate the integration procedures for the chosen energy devices. 

The purpose was to provide easily scalable procedures that the system designer could utilize as a foundation for any 

design work related to solar collector or heat pump integration. The purpose of the requirement specification is to 

work as a general guideline rather than providing a specific solution to the integration cases.  

 

The requirements were drafted with the present district heating systems and power systems in mind. The heat received 

from these systems should primarily be used for self-consumption. The surplus heat generated should be fed into a 

district heating network whenever possible. Both types of energy device would benefit from lower district heating 

temperatures. With the current temperature levels, solar collectors can primarily supply heat to district heating 

networks during the summer periods. Exhaust air heat pumps can provide heat throughout the year. However, their 

efficiency would increase if the temperature levels in the district heating networks were lower. A total of 82 

requirements were drafted in this Master’s thesis. Requirement specification process was well suited for this work as 

the aim was to compile general guidelines. However, a lot of responsibility remains with the system designer due to 

the nature of the requirement specification process. This is due to the fact that exact integration solutions are not 

included in the specification.   

 

A centralized control strategy was selected because the amount of these kinds of devices in the district heating 

network is still low. A centralized control strategy is also easier to organize in this case, and the district heating 

company can directly control the energy assets in the system. Once the amount of energy devices in the system 

increases, alternative decentralized control strategies should be considered. It was also concluded that the district 

heating company should be the responsible party for aggregation regarding the district heating system.  
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Energiajärjestelmät ovat muuttumassa keskitetystä fossiiliseen polttoaineeseen perustuvasta toimitusketjusta 

hajautetuksi, jonka tuotantomuotoina on uusiutuvia energialähteitä. Energiajärjestelmän hajauttaminen aiheuttaa sen 

monimutkaisuuden kasvamisen, minkä vuoksi energialaitteiden asianmukainen integrointi on tärkeää koko 

järjestelmän hyvän suorituskyvyn takaamiseksi. 

 

Tämän diplomityön tavoitteena on tuottaa skaalautuvat integrointimenettelyt aurinkokeräimille sekä 

poistoilmalämpöpumpujärjestelmille. Energialaitteiden integrointia tutkitaan erityisesti kaukolämpöverkkojen 

näkökulmasta. Kaukolämpö- sekä sähköverkoilla on kuitenkin merkittävä synergia lämpöpumppujen muodossa. 

Tästä syystä myös sähköverkkoja tarkastellaan laajasti tässä työssä. Integrointimenettelyjen lisäksi tässä 

diplomityössä pohditaan, miten tiedonsiirto tulisi järjestää energiaoptimointijärjestelmään. Huomiota kiinnitetään 

myös erilaisiin tavoitteisiin, joita energiajärjestelmän kumppaneilla voi olla, ja miten ne tasapainotetaan. 

 

Vaatimusmäärittelyprosessia käytettiin valituille energialaitteille integrointimenettelyjen tuottamiseen. 

Tarkoituksena oli tarjota helposti skaalautuvia menettelyjä, joita järjestelmäsuunnittelija voi hyödyntää perustana 

mille tahansa aurinkokeräimeen tai lämpöpumpun integrointiin liittyvälle suunnittelutyölle. Vaatimusmäärittelyn 

tarkoituksena on toimia yleisinä ohjeina sen sijaan, että integrointiin olisi tarjottava erityinen ratkaisu. 

 

Vaatimukset laadittiin nykyiset kaukolämpö- ja sähköjärjestelmä lähtökohtina. Näihin kuuluvista laitteista saatua 

lämpöä tulisi käyttää ensisijaisesti itsekulutuksena. Muodostunut ylijäämälämpö tulisi syöttää kaukolämpöverkkoon 

aina kun se on mahdollista. Molemmat energialaitteet hyötyisivät matalammista lämpötiloista kaukolämpöverkossa. 

Nykyisillä lämpötilatasoilla aurinkokeräimet voivat ensisijaisesti toimittaa lämpöä kaukolämpöverkkoihin 

kesäkausina. Poistoilmalämpöpumput voivat tuottaa lämpöä ympäri vuoden. Niiden tehokkuus kuitenkin kasvaisi, 

jos kaukolämpöverkkojen lämpötilatasot olisivat matalampia. Yhteensä 82 vaatimusta laadittiin tässä diplomityössä. 

Vaatimusmäärittely soveltui hyvin tämänkaltaiseen työhön, jossa haettiin yleisiä suuntaviivoja. Paljon vastuuta jää 

kuitenkin järjestelmäsuunnittelijalle vaatimusmäärittelyn luonteen takia, sillä vaatimusmäärittely ei kerro tarkkaa 

integrointi ratkaisua.  

 

Keskitetty ohjausstrategia valittiin, koska hajautettujen lämmöntuotantolaitteiden määrä kaukolämpöverkossa on 

vielä toistaiseksi pieni. Keskitetty ohjausstrategia on myös helpompi järjestää, ja kaukolämpöyhtiö voi suoraan ohjata 

järjestelmän energiavaroja. Kun järjestelmän energialaitteiden määrä kasvaa, olisi harkittava vaihtoehtoisia 

hajautettuja valvontastrategioita. Johtopäätöksenä työssä on myös, että kaukolämpöyhtiön tulisi olla vastuussa 

kaukolämpöjärjestelmän tasapainottamisessa. 
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1 INTRODUCTION 

The energy system is becoming more complex due to the need to increase efficiency, 

optimize and decarbonize the energy sector. When complexity increases in the energy 

system, it becomes more important that the energy devices can be interoperable. 

Therefore, the proper integration of energy devices is growing in importance so as to 

ensure that the system operates optimally.  

In the literature, there is little information regarding the integration of energy devices into 

district heating networks. This is especially the case for residential scale applications. In 

terms of the electrical network, the integration of wind and solar power into the electrical 

network is mainly focused on research to increase the capacity of these energy devices in 

the power system. However, in general, integration and the effects of integrating wind 

and solar energy into the power system are well studied.  

The lack of common ground rules for integration makes it harder to integrate energy 

devices into the system from the interoperability perspective.  Interoperability is crucial 

considering that future systems should be able to work together to achieve the best results. 

This thesis aims to provide common integration procedures for the integration of 

residential solar thermal collectors and heat pump systems into district heating networks. 

The synergy between the power system and district heating system is also considered 

through the integration of heat pump systems into both district heating network and the 

power system.  

This thesis sets out to answer the research question on how the energy devices should be 

integrated into the energy systems optimally. The aim is to provide scalable procedures 

that could be used as general guidelines supporting design and planning. The goal is to 

generate these integration procedures utilizing a requirement specification process.  Apart 

from energy device integration, this thesis sets out to answer how communication should 

be arranged with the optimization system. Consideration is also given to the different 

goals that the participants in the system may have, and how to balance them. 
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2 ENERGY SYSTEMS TODAY 

Modern society is largely dependent on energy systems whose purpose is to convert and 

deliver energy to end users. The most important energy networks today are the electricity 

and district heating (DH) networks. In the past, fossil fuels were used to power the energy 

sector. However, due to various environmental concerns, the energy sector is changing 

drastically. In this chapter, both conventional electricity and DH networks are reviewed 

briefly.  

2.1 Electricity 

The electricity system is built to supply end users with electricity. The process of 

transmitting electricity is currently a unidirectional process, where electricity is provided 

by centralized power plants. Electricity is transmitted through a high voltage transmission 

network to distribution networks and industrial users that require a lot of power (E.DSO 

2021). In distribution networks, electricity is transformed into a suitable voltage and 

distributed to the end user (Delfino et al. 2018). A traditional energy system is shown in 

Figure 1, where the electricity flow is unidirectional.  

 

Figure 1.  Traditional electricity generation and transmission system (modified from 

Delfino et al. 2018) 

 

The three main steps of electricity generation are production, transmission and 

distribution. In the first step, power plants are utilized to convert primary energy into 
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secondary energy (electricity). Conventionally, fossil fuels such as coal, natural gas, oil, 

peat or uranium are considered as the energy source for conversion. The next step is 

transmission, where electricity is converted into a higher voltage in substations and 

transmitted through the high voltage network to the target location. The electricity system 

has traditionally been built so that electricity can be transported easily over long distances. 

This is partly due to electricity having two defining characteristics: it is efficient to 

transport electricity in high voltage networks, because the electricity losses are smaller, 

and electrical energy is difficult to store. Finally, at the target location, the electricity is 

transformed into a suitable voltage for distribution. (Delfino et al. 2018) 

The frequency control in the system that is caused by variation in consumption and 

production is conventionally accomplished by adjusting the generation in the power 

system (Obaid et al. 2019). In general, three types of power plants are conventionally 

used in the power system. Baseload power plants provide the bulk of the electricity 

generated in the system. These power plants are always running and are usually larger in 

scale and more difficult to ramp up and down, such as nuclear power plants. Smaller 

power plants, that are easier and faster to ramp up, are used as load-following plants. 

Load-following power plants include technologies such as hydroelectric or gas-combined 

cycle power plants. Finally, there are the peak power plants, that are only used in 

emergency situations. These include plants that are at the end of the so-called merit order, 

such as power plants utilizing oil and gas turbines. (IRENA 2015) 

2.2 District heating  

District heating (DH) networks supply consumers with heat energy. The basic principle 

of DH networks is illustrated in Figure 2. The most important features of district heating 

networks are the heat producers, heat consumers and the pipelines connecting them 

(Werner 2013). Traditionally, DH networks consist of two pipelines that operate in a 

closed network. Power plants and industrial entities that produce thermal energy transfer 

the heat to a DH supply (hot water) pipe and is then transported to the consumer by 

pumping the water through the DH network. Heat for the district heating network can 

originate from multiple energy sources. These energy sources traditionally mean 

combined heat and power generation using fossil fuels, waste heat incineration and more. 

At the residential consumer substation, the heat energy is extracted from the DH network 

(Finnish Energy 2021; Werner 2013). The consumers connected to district heating 
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networks utilize heat energy for various purposes such as domestic hot water (DHW) 

preparation and space heating. After the heat has been extracted from DH, the cold water 

is returned to the return (cold water) pipelines and pumped back to the power plants. The 

supply temperature of the DH network varies depending on the weather. The temperature 

is usually between 65 °C and 115 °C, while the water temperature in the returning pipeline 

is usually between 40 °C and 60 °C. The characteristics of the DH network are generally 

strongly dependent on the climate. For example, in Finland where the climate is cold, 

there is a much stronger need for good DH compared with warmer climates. (Finnish 

Energy 2021) 

 

Figure 2.  Conventional district heating set-up (modified from Gambarotta et al. 2017). 

 

Every household that is connected to the DH network will have its own DH substation 

that is used for heat extraction from the DH network. The building level substation 

represents the boundary that separates the responsibilities of the buildings and the DH 

network owners (Sipilä et al. 2016). A conventional household substation where heat 

from the DH supply is extracted from the network through a heat exchanger to be used in 

radiators or underfloor heating and domestic hot water systems (DHW) is presented in 

Figure 3. Traditionally, the consumer can control the temperature inside the building by 

adjusting the thermostatic valve in the radiator system. A heat meter is used to measure 

the flow rate in the substation and the temperature difference of the water in the DH 
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supply and return pipes. Energy use can be calculated from these values, which is then 

used for billing purposes. (Babus’Haq et al. 1996; Gustafsson et al. 2010)  

 

 

Figure 3.  Traditional district heating substation (modified from Gustafsson et al. 2010). 

 

The temperature of the DH network plays a major role in improving energy efficiency. 

The energy efficiency of the substations can be improved by increasing the temperature 

difference between the DH supply water and the DH return water. In other words, more 

energy is utilized per unit volume by increasing the temperature difference. (Gustafsson 

et al. 2010) 

The temperature difference in DH substations is determined by the size of the heat transfer 

area and the mass flow going through the heat exchanger. The heat transfer area of the 

heat exchanger can be influenced during the design phase of the substation, but it is harder 

to affect it afterwards. Traditionally, the flow rate and temperature of the supply water 

going through the heat exchanger is used for controlling the building space heating. 

However, by changing the control strategy in the substation to consider the calculated 

heat demand, the temperature of the return water in the substation could be significantly 

decreased. (Gustafsson et al. 2010)  
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3 SMART ENERGY SYSTEMS 

In the future, the conventional energy system will evolve into smart energy systems. The 

electricity grid will be transformed into smart grids with the help of ICT and new control 

strategies. The heating networks will also evolve into smart thermal grids. Smart thermal 

grids include 4th generation district heating networks and district cooling. Most 

importantly, smart energy systems combine these smart energy networks to find synergies 

and optimize energy use. (Lund et al. 2017) 

3.1 Smart grid 

Energy systems will become more complex in the future. The energy value chain is 

changing from the traditional centralized production infrastructure into a decentralized 

infrastructure. Alongside increasing complexity, more varied methods and techniques 

will be introduced to the power systems, such as demand response. For everyone to agree 

on the terms, scope and technology, a smart grid reference architecture has been created. 

Smart grid reference architecture aims at the standardization of the smart grid 

infrastructure, which can be used as a supporting model when designing use cases in smart 

grid related projects. (Bruinenberg et al. 2012)  

The hierarchical smart grid reference architecture is shown in Figure 4 (Bruinenberg et 

al. 2012). The smart grid architecture model (SGAM) consists of five domains, six zones 

and five interoperability layers (Bruinenberg et al. 2012). The domains of the SGAM 

consist of generation, transmission, distribution, distributed energy resources (DER) and 

customer premises. Domains essentially represent the energy conversion chain (Trefke et 

al. 2013; Uslar et al. 2019). The zones include process, field, station, operation, enterprise 

and market zones (Bruinenberg et al. 2012). The zones represent the components of the 

energy management system (EMS) (Trefke et al. 2013). Finally, the interoperability 

dimension consists of five layers: business, function, information, communication and 

component (Bruinenberg et al. 2012). The interoperability layer is responsible for the 

interaction between different components in the smart grid system (Uslar et al. 2019).  
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Figure 4.  Smart grid reference architecture (modified from Bruinenberg et al. 2012). 

 

The smart grid (SG) system is considered to be a system of systems (Bruinenberg et al. 

2012). There are many attributes that a system of systems should have. Firstly, the devices 

in the system should be able to operate independently even when isolated from the system. 

It should be possible to integrate or retire devices from such a system without impacting 

other devices in the system. The devices in the system should also be distributed 

geographically and connected through communications networks. (Aljohani 2018) 

Interoperability is one of the cornerstones of SGs, especially from the system of systems 

perspective. Interoperability in SGs can be divided into three categories: technical, 

informational and organizational. Technical interoperability refers to interoperability 

which is attained by establishing physical connections between the devices in the system. 

Informational interoperability means that all the entities in the system should have a 

common semantic understanding about the data exchanged between the energy devices. 

Finally, organizational interoperability means that there should be a common 

understanding about the objectives and procedures in the system. (Aljohani 2018; 

Bruinenberg et al. 2012) 
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Common concepts related to smart grids are microgrids and virtual power plants (VPP). 

Microgrids are a difficult concept to define accurately. The microgrid concept is 

illustrated in Figure 5. Microgrids are in the LV and MV distribution networks and consist 

of interconnected clusters of different loads, distributed energy resources (DER) that 

include renewable energy sources (RES), and possibly heat and electricity storage options 

(Farrokhabadi et al. 2020; Olivares et al. 2014; Samie et al. 2019). Microgrids should 

have their own electricity and possibly heat generation and energy management system 

(EMS) to enable switching between different modes (Samie et al. 2019). As part of the 

electricity grid, they can operate as either grid-connected microgrids or in islanded mode, 

where all the electricity in the system is generated and consumed within the microgrid 

itself. Since the microgrids can function both in connected and islanded modes, microgrid 

systems are expected to increase the stability of distribution systems (Farrokhabadi et al. 

2020; Samie et al. 2019). Being able to go into islanded mode also brings other benefits, 

such as being capable of black start (Farrokhabadi et al. 2020).  

 

Figure 5.  Microgrid concept (modified from Stadler & Naslé 2019).  

 

The VPP concept is like the microgrids as both include concepts of managing DER and 

integration of demand response. Like microgrids, there are many different definitions of 

VPPs. One definition of VVPs is that they are a collection of controllable distributed 

generation units that are aggregated in a way that supports the electricity system (Next 

Kraftwerke 2021a, Saboori et al. 2011). However, there are several differences that 
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separate virtual power plants and microgrids. Firstly, virtual power plants are grid-

connected, whereas microgrids can be either islanded or grid-connected. Due to the ability 

of microgrids to go off-grid, usually some form of energy storage is included in the 

microgrid design. As VPPs are not designed to go off-grid, integration of energy storage 

is not as necessary. Also, microgrids are tied to the geographical location they operate in, 

whereas virtual power plants can utilize resources from a wider area. (Nosratabadi et al. 

2017)  

3.2 Different actors in smart grids  

Apart from the various electricity networks that are part of the future smart grid systems, 

the traditional actors are not going anywhere, but their roles and responsibilities may 

change in the future. The traditional actors in the electricity sector include distribution 

network operators (DNO), transmission system operators (TSO), producers and 

consumers. Finally, along with the developing smart grid architecture, an aggregator role 

is emerging for power systems. (Gkatzikis et al. 2013) 

DNOs oversee the distribution of electricity to the end users. In the past, the role of DNOs 

was quite linear. The power distribution used to be centralized, predictable and 

unidirectional from the power plants to the customer through transmission and 

distribution networks. However, since the energy system is changing due to the increased 

amount of DER in the system, the role of DNOs will change. Bidirectional distribution 

networks are illustrated in Figure 6. In addition to safeguarding the security of supply and 

ensuring quality power transmission, DNOs will take on more responsibilities as active 

network managers and essentially become distribution system operators (DSOs). The 

unidirectional system will become more bidirectional, and DSOs will be tasked with 

controlling more utilities such as energy storage and DER (E.DSO 2021). DSOs have a 

lot of varied responsibilities, such as enabling the key factors regarding the electricity 

grid. They are responsible for issuing the energy meters in their distribution network and 

eventually enabling real-time monitoring in their systems (IRENA 2019). 

 



18 

 

Figure 6.  Distribution networks in the future (modified from E.DSO 2021).   

 

Transmission system operators (TSOs) are tasked with securing the energy supply within 

the main grid. A TSO acts as the backbone of the electricity system, connecting its 

different components, such as electric utilities and power plants. Typically, this means 

that TSOs maintain the high-voltage electricity grid where it is more efficient to move 

electricity over longer distances. TSOs are also responsible for the maintenance of the 

electricity grid and have a legal obligation to provide high quality power. (Fingrid 2021a)  

 A balance responsible party (BRP) is any party that obtains their electricity supply from 

the local TSO. Balance responsible parties have a responsibility to balance their clients’ 

energy demand and the power generated. The BRPs can do this either directly, using their 

own methods to achieve this energy balance, or alternatively they can trade with other 

balance responsible parties to achieve the energy balance. The imperfections caused by 

balance responsible parties will be compensated by the TSO in the system. (Fingrid 

2021b) 

The main purpose of producers in the electricity system is to transform primal energy into 

electricity and feed it into the electricity grid. Producers in the electricity grid can be either 

centralized large power plants or DERs like wind or solar power plants. There are no 

significant changes in the role of producer compared to today. However, their operating 

conditions may change due to the introduction of demand response in the system and 
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changes in the production merit order. (European Commission 2017; Next Kraftwerke 

2021b) 

The merit order is used to describe the ranking in which power plants are run, as illustrated 

in Figure 7. The ranking is currently based on operational costs, where energy sources 

with the least cost per unit of energy are run first for maximum economic efficiency. 

When the power demand increases, the power demand moves right on the merit order 

chart and new power generation is added based on the merit order. Electricity pricing is 

generally based on the power plant that has the highest operating costs that is currently 

online. However, it should be noted that the merit order is conceptual and does not 

represent long-term prices well. (Next Kraftwerke 2021b)  

 

Figure 7.  Illustrating the merit order effect. The upper system represents a conventional 

system. The lower system represents the same system, but with an increased share of 

renewables (modified from Next Kraftwerke 2021b). 

 

Increasing the amount of RES in the electricity system causes the other production 

methods to shift more into the background.  This is because the operational costs to run 

most renewables (namely wind and solar) are significantly lower compared to 

conventional power plants. This leads to a situation where conventional power plants are 

being pushed away from the energy markets, creating instabilities in the power system at 
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the system level due to the uncertainty of wind and solar generation (Next Kraftwerke 

2021b). It should also be noted that, especially in northern Europe, a lot of heating is also 

required and the utilization of combined heat and power (CHP) in heat production is 

highly valued. 

With the introduction of demand response, the role of aggregator will emerge in the power 

systems. The role of the aggregator is illustrated in Figure 8. The aggregators combine 

loads of a different kind, electricity generation and possibly even energy storage into a 

package that can be used to balance the frequency deviations in the electricity grid for a 

reward (Fingrid 2019). Although aggregators are regarded as market entities as they try 

to find a cost-efficient way of managing frequency, they are an important part of the 

system as they help with balancing the system. A peer-to-peer aggregator in the system 

can, for example, reward different prosumers for providing the aggregator with demand 

response. Independent aggregators can be, for example, industrial entities that sell 

balancing services to the DSOs in the form of a frequency containment reserve (FCR).  

(Gkatzikis et al. 2013) 

 

Figure 8.  Possible aggregator hierarchical structure (modified from Gkatzikis et al. 

2013).  
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Prosumers are consumers that have some way of producing electricity or heat themselves 

and can feed their surplus electricity or heat into the corresponding distribution network. 

A bidirectional flow of electricity and information is crucial for prosumers. Prosumers 

can be divided into three categories: commercial, industrial and residential prosumers. 

The main difference between the groups is the production capability. An example of a 

prosumer system is presented in Figure 9, where a photovoltaic array is integrated into a 

residential building. In this case, the photovoltaic array produces electricity for the 

building. The electricity is used mainly for self-consumption whenever possible. If 

surplus electricity is generated, it can be fed into the electricity grid or alternatively stored 

in a battery energy storage system. (European Commission 2017) 

 

Figure 9.  A photovoltaic prosumer system (modified from European Commission 

2017).  

3.3 Future district heating networks 

To increase sustainability and the amount of renewables in the energy system, DH 

networks will have to adapt. In the future, so-called 4th generation DH networks will 

emerge. A possible 4th generation DH network is presented in Figure 10. Such DH 

networks will add a combination of RES to the smart energy network. These RES will 

include generation such as wind power, geothermal heat, solar energy and energy from 

residential resources such as heat from waste-to-heat and biomass generation. (Lund et 

al. 2014) 
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Figure 10.  Illustration of 4th generation district heating system with solar heat collectors 

(modified from Paiho & Reda 2016). 

 

The DH networks will have to adapt in other ways as well, not only in terms of energy 

sources that will be added to the DH network. The properties of 4th generation DH 

networks are illustrated in Figure 11. DH networks should be able to supply buildings 

with low-temperature water for both space heating and domestic hot water (DHW) 

purposes. The lower temperatures help with heat losses. Buildings, supply and return 

pipes should also have proper insulation to reduce the overall heating demand. The 

temperatures may be lowered to a level where the normal temperature for supply water is 

approximately 50 °C and the temperature for water approximately 20 °C. The problem 

with legionella bacteria growth can be avoided by using the produced hot water as soon 

as possible and avoiding storage of hot water (Lund et al. 2014). However, supply 

temperatures between 70 °C and 115 °C ensure that the growth of legionella is avoided 

altogether (Paiho & Reda 2016). Having the DH network use a lower temperature makes 

it easier to utilize sources that generate heat, such as solar collectors and waste heat 

extraction with heat pumps. Lower temperatures make it easier for third parties to be 
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integrated into the network as the temperature in the supply pipe is lower than earlier. 

(Lund et al. 2014) 

 

Figure 11.  Illustration of 4th generation district heating system properties (modified 

from Lund et al. 2014). 

 

The 4th generation DH networks should also be able to distribute heat with low heat losses. 

The future energy system will include a lot of DER as discussed earlier. Enabling optimal 

usage of DER for DH is the key to lowering heat losses as the aim is to generate the heat 

as close to the end user as possible. Higher temperatures in the DH networks will cause 

more heat transfer compared to DH operating at lower temperatures overall. This 

consequently means that a DH network operating at lower temperatures will have less 

heat losses and thus higher energy efficiency. (Lund et al. 2014) 

Energy efficiency can be further developed by developing systems that can utilize 

relatively low-temperature heat (below 40 °C). This will enable the DH return water to 

drop to near room temperature. Low-temperature DH water can be used in floor or wall 

heating, for example, as the temperature required is low. (Lund et al. 2014) 

Reducing the return temperature in the DH network will have a positive effect on the 

supply side as well. A lower return water temperature will increase the pressure drop in 

the power plant turbine as the steam is condensed using the return water from the district 

heating network. A larger pressure drop in the turbine will result in the increased 
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electricity production and fuel efficiency of the plant. (Gustafsson et al. 2010). Also, more 

heat can be extracted from sources like industry waste heat and geothermal resources if 

the supply temperature is lower (Gadd & Werner 2014). 

Heat storage should be integrated into 4th generation DH networks as it enables the 

integration of RES into the power system. Heat storage systems enable the integration of 

heat pumps in such a way that they can be used for load balancing, therefore allowing 

significantly increased RES penetration. Heat storage will allow peak shaving as well, as 

it is possible to start heating the water before the peaks occur, store it and use it later. 

(Lund et al. 2014)  

In the case of buildings, their energy efficiency can be improved by utilizing intelligent 

control for the heating system that takes weather forecasts into account. Accurate weather 

forecasting enables the calculation of heating demand inside the building based on the 

outside temperature. The intelligent heating system in the building will then control the 

energy devices in the building based on the calculated energy demand. (Lund et al. 2014) 

The 4th generation DH networks will use intelligent metering in the system. This type of 

metering system enables strong coupling of different energy networks, such as electricity, 

district cooling and gas networks. An intelligent metering system also enables continuous 

payments that are made possible by the short interval between measurements. This is also 

required because there will be a two-way transfer of heat, so everyone will be receiving 

correct payment for their own production based on the data from smart meters. (Lund et 

al. 2014) 

Attention should also be paid to the substations in 4th generation DH networks. Part of 

increasing the efficiency of DH also means that the energy efficiency of the consumer 

substations should be considered (Gustafson et al. 2010). The substations in 4th generation 

DH networks will need by-passes due to the fact that DH network flow rates are low 

during the summer months. The temperatures in 4th generation DH networks can be as 

low as 50 °C, which means that during low flow rates the supply water may cool down to 

levels where the temperature is not sufficient for DHW preparation (Gadd & Werner 

2014; Lund et al. 2014). For this reason, by-passes between the supply and return lines 

are required so that the temperature at the supply remains at a sufficient temperature. 

However, this operation decreases the temperature difference between supply and return 

temperature (Gadd & Werner 2014). One possibility would be to recirculate the supply 
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water back to the supply line and increase the supply water temperature at the substation 

this way (Lund et al. 2014). 

3.4 Sector coupling 

Integrating the heating networks as part of the power system has multiple advantages. 

Utilizing RES for heating purposes may significantly reduce the carbon emissions of the 

energy sector and enable additional flexibility in the power system and hence possibly 

allow the integration of more variable renewable energy sources (VRES) into the system. 

Possible routes for power-to-heat usage are illustrated in Figure 12 (Bloess et al. 2018). 

According to IRENA (2019), 20% of global energy consumption is consumed by heating 

and cooling systems, which means that there is a lot of potential for utilizing RES for 

heating and cooling systems. 

 

Figure 12.  Coupling of power and heat networks (modified from Bloess et al. 2018). 

 

Power-to-heat technologies can be divided into centralized and decentralized systems. 

Centralized systems include technologies such as DH, where heat is generated at one 

location, for example utilizing CHP generation, and then fed into a DH network. In 

centralized heating methods, the generated heat is stored in a medium which can be 

transported to the end user. DH systems store the heat in water, which can then be 

transported to consumers through pipelines. Decentralized heating systems produce heat 
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directly at the end user location. Decentralized systems include heat pumps or electric 

boilers that use electricity to heat air or water. (Bloess et al. 2018)  

Generally, in terms of the utilization of renewable energy for decentralized heating 

purposes there are two options: converting renewable energy directly into heat, and 

utilizing the electricity produced by RES for heating purposes (IRENA 2019). Utilization 

of heat pumps could provide an efficient method for generating heat from electricity 

(Bloess et al. 2018). For example, the direct utilization of RES means using solar thermal 

applications to produce heat directly on site (IRENA 2019).  

As discussed earlier, the power system and DH networks can have a strong interaction 

with each other. Integration of the power system and DH system will have many benefits 

for both systems. Power systems benefit from the integration by obtaining a more stable 

power system. As electricity is easy to transfer even over long distances, heating networks 

will benefit from integration with power systems in the form of more distributed 

generation. (Bloess et al. 2018) 

Climate change and other environmental issues have led to an increase in the amount of 

wind turbine power in the energy mix. To stabilize the power system, the thermal inertia 

of DH networks could be utilized to increase the flexibility of the power system. High 

penetration of wind power may lead to a situation, especially in colder climates during 

nighttime when there is a lot of wind power generation, little demand for electricity, but 

high demand for thermal energy. This is a problem because of possible wind power 

curtailment, as a lot of CHP production is needed to meet the thermal energy demand. In 

a situation like this, wind power units must be shut down because the electricity demand 

is already supplied by the CHP units that cannot be shut down due to high thermal 

demand. Increasing the number of devices that utilize electricity for heating purposes 

such as heat pumps or electrical heat boilers will improve CHP flexibility, which will 

then reduce the curtailment of wind power in said situations. (Zheng et al. 2018)  

3.5 Energy and information  

A good communications infrastructure is crucial for smart energy networks to work 

optimally. The Energy Internet establishes connections between the different actors in the 

smart energy networks. Aside from the Energy Internet, this chapter discusses different 
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strategies in which energy assets can be controlled as well as the infrastructure related to 

controlling them.  

3.5.1 Energy Internet 

The Energy Internet can be defined as a distributed energy network that collects various 

DERs into a flexible energy network. In short, the Internet of Things (IoT) means the 

collection of different devices and allowing them to be controlled remotely through an 

Internet connection. In terms of the Energy Internet, this means controlling energy 

devices. There are multiple benefits from integrating IoT systems together with energy 

networks with the main benefit being an increased amount of renewable energy 

penetration in the energy system. The Energy Internet will make it possible to integrate 

distributed generation into the electricity system reliably. (Hussain et al. 2019) 

The Energy Internet enables frequent monitoring of different energy devices within the 

smart energy network. This is beneficial because as the DERs increase in the power 

system there will be more variable loads that need balancing. Frequent and fast 

monitoring makes it easier for the DSOs and other parties to control the variable loads in 

the system, which will lead to increased stability. Also, since the Energy Internet is 

supposed to increase the communications between different entities, more resources can 

be consumed locally, which will increase the energy efficiency of the whole system and 

decrease the transmission losses.  (Hussain et al. 2019)  

Energy Internet integration has many benefits for different parties. The communication 

between the consumer and the power supply company will increase and more active 

consumers will be able to sell balancing services or sell their surplus electricity to the grid 

more effectively, for example. Small-scale industries will have better access to joining 

the energy system as well, which will lead to a more competitive environment and 

therefore lower customer energy prices. (Hussain et al. 2019) 

One of the challenges in Energy Internet integration is that the price of energy varies in 

time depending on supply and demand. The Energy Internet is supposed to enable two-

way energy trading; as the price of energy constantly varies there is an issue of how to 

price the energy accordingly and how to handle the payments. Services such as demand 

response can be difficult to price appropriately. One way to fix this issue is to offer 



28 

services like demand response as fixed pricing based on time of use so that the price of 

the service does not change. (Hussain et al. 2019) 

Currently, there are no standards on the regulation and control of the Energy Internet. 

Common ground rules are required before the Energy Internet can be efficiently 

integrated. The current communications standards of intelligent electronic devices are 

quite varied, which is a problem from the interoperability point of view. Good 

standardization could potentially increase interoperability and hence encourage Energy 

Internet developers. (Hussain et al. 2019)  

Another issue with Energy Internet integration is system safety. The advanced metering 

infrastructure (AMI) includes smart meters and other intelligent electronic devices (IEDs) 

that could be externally cyber-attacked. Just like the devices on the regular Internet, the 

devices on the Energy Internet should have effective cyber-security built into them. 

(Samie et al. 2019) 

Finally, there will be many new actors and loads joining the energy networks as the 

system becomes more decentralized. The stability of the energy networks should be 

maintained, which might be difficult due to the increased number of loads in the system. 

Also, a lot of data will be generated from the different nodes in the system which might 

lead to transmission network congestion (Hussain et al. 2019).  

3.5.2 Supervisory control and data acquisition 

SCADA is an acronym for Supervisory Control and Data Acquisition. SCADA systems 

are commonly used by DSOs for monitoring electrical grid systems, especially in 

decentralized control systems as it can be used to control several decentralized energy 

assets. The general SCADA architecture is illustrated in Figure 13. 

SCADA architecture typically consists of a human-machine interface (HMI), ethernet, 

master terminal unit (MTU), remote terminal units (RTUs) and possibly programmable 

logic controllers (PLCs). The lowest level of the SCADA system is the field 

instrumentation devices (FIDs) level. Process instruments are at this level. The devices 

include valves, pumps, sensors and so on. These devices are connected to micro-

controllers such as RTUs and PLCs. Micro-controllers control the field devices 

autonomously based on the information they receive from the MTU. The data from the 
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micro-controllers is then sent through the ethernet/SCADA communications channel to 

the MTU. In the MTU, the data from the micro-controllers is analysed and sent to the 

human-machine interface for operators to read. (Aghenta & Iqbal 2019; Ghosh & 

Sampalli 2019) 

 

Figure 13.  SCADA architecture (modified from Ghosh & Sampalli 2019). 

 

SCADA enables real-time communication between process devices and operators. This 

means that control actions can be efficiently deployed from the HMI through the MTU 

and the communications channel for the micro-controllers that control the field devices. 

(Aghenta & Iqbal 2019; Ghosh & Sampalli 2019) 

3.5.3 Advanced metering infrastructure and smart metering  

To integrate DER efficiently into the energy system, the metering system needs to evolve. 

AMI will help to achieve smart energy subsystems in SCADA systems utilizing two-way 

information flow (Bian et al. 2014; Rashed Mohassel et al. 2014). The system should be 

able to both transmit and receive information for control and monitoring purposes 

(European Commission 2021). The system should eventually allow other smart energy 

network services such as demand response and distributed control (Martins et al. 2019). 

The AMI is a composition of multiple components such as smart meters, a 

communications channel and data management devices that form a hierarchy (Martins et 



30 

al. 2019; Rashed Mohassel et al. 2014). The hierarchy of the AMI is illustrated in Figure 

14.  

 

Figure 14.  Hierarchy of Advanced Metering Infrastructure (AMI) (modified from 

Rashed Mohassel et al. 2014). 

 

The communications network level in the AMI infrastructure can consist of either 

wireless or wired technologies, depending on the design. Wired technologies include 

power line communications, where existing power lines are used for information 

transmission. Many smart grid applications such as smart metering can be implemented 

using power line communications. Utilization of power lines for communication purposes 

works well in rural areas where communications are scarce but there is a grid connection. 

There are several challenges in this type of integration for smart energy networks such as 

low bandwidth. The channel tends to be noisy because of the distribution devices. Another 

wired communications technology related to the communications network is fibre optic 

communications. Unlike power line communications, fibre optic cables offer a high data 

rate, and they do not have any issues with noise. They work very well in applications 

where information needs to be transmitted over long distances. However, the major 

drawback of fibre optic cables is the capital investment. (Bian et al. 2014) 

Wireless communications can be organized in various ways. The most common 

applications for wireless communications are cellular, wireless local area network, radio 
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frequency mesh and Zigbee. The advantages of utilizing a cellular network for Energy 

Internet purposes are that, in cases where the cellular network is already operating, it is 

easy to set up and a cost-effective method of organizing communications. Also, cellular 

networks are heavily protected against cyber-attacks. Disadvantages of using a cellular 

network include possible uncertainty due to network congestion. Also, wireless 

communications in general can have issues providing stable services during abnormal 

conditions. (Bian et al. 2014) 

Smart meters are advanced solid-state electronic meters that are used to gather time-based 

information (Rashed Mohassel et al. 2014). A typical smart metering system can measure 

whether electricity is consumed or fed into the electrical grid (European Commission 

2021). The data produced by smart meters is time-stamped, which increases system 

accountability. Smart metering is not only used for measuring electricity but also for 

measuring gas, heat and water systems. (Rashed Mohassel et al. 2014)  

The utilization of smart meters has many advantages over conventional energy meters. In 

the past, data flow has been unidirectional from the consumer to the energy provider. The 

main benefit for the consumers is that smart metering enables them to obtain accurate 

energy measurements through time-stamped information (European Commission 2021; 

Rashed Mohassel et al. 2014). An accurate measurement should eliminate the need for 

back billing. The most active consumers may gain benefits from smart meters by being 

able to change their own demand and thus save money. (European Commission 2021) 

3.5.4 Decentralized control strategies  

As discussed earlier, the information and energy flows are one-directional in the 

traditional energy system. In the future, as the energy system becomes more complex due 

to increased amounts of DER, the control strategy will increase in complexity as well. 

The transition from a centralized control strategy into a decentralized control strategy is 

illustrated in Figure 15. The characterization of the control strategy depends on how the 

information flows between the energy nodes and the control centre. If the data flows 

directly between the energy nodes and control centre, the control type can be classified 

as centralized control. In decentralized control strategies, the information flows between 

the energy nodes and the control centre, but the direction is not always as linear as in 

centralized systems. (Shahraeini et al. 2011) 
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Figure 15.  Transition from centralized control strategy into decentralized control 

(modified from Cali & Fifield 2019). 

 

A large number of sensors, smart meters and other electrical appliances will be connected 

into the smart grid network (Gai et al. 2019). As the number of devices in the network 

increases, a lot more high-resolution data will be generated and handling of this data is 

one of the major barriers in smart energy systems (Hussain et al. 2019; Samie et al. 2019). 

One solution is to process the data as much as possible near the devices that collected the 

data before transmitting it to the optimization system. This kind of processing is called 

edge computing. (Liu et al. 2019; Samie et al. 2019) 

There are many advantages in utilizing edge computing technologies. The main benefit 

is a reduction in the amount of data that needs to be transferred because part of the data 

has been pre-processed by the edge computing system (Liu et al. 2019). This will help to 

reduce the congestion in the data transmission lines and reduce communication time 
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(Chen & Ran 2019; Okay & Ozdemir 2016). Secondly, edge computing technologies can 

reduce the computational demand required by the main computers for a similar reason.  

Other advantages include locality and data privacy. The edge servers are located near the 

end user, outside the cloud server, which means that the edge servers can split the data 

into smaller portions as opposed to cloud servers that are made for big data analysis. Also, 

it is possible to separate public and private data using edge servers, increasing the security 

of the system, which is one of the major concerns regarding IoT-based EMS. (Okay & 

Ozdemir 2016) 

A possible architecture for an EMS utilizing edge computing and IoT is presented in 

Figure 16. The smart buildings consist of different smart energy devices that are 

connected to the edge server. The energy edge server forms a network that connects the 

smart buildings together. The network can be either wireless or wired. Energy edge 

servers collect the data from the smart buildings and are tasked with doing the computing 

in the edge computing system. Operations can also be decided by the energy edge servers 

if necessary (Liu et al. 2019). The data is then transferred to the energy cloud server for 

big data analysis.  

 

Figure 16.  Edge computing and Internet of Things-based energy management system 

(modified from Liu et al. 2019).  
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In terms of smart buildings, the IoT management system consists of three levels, i.e. 

device, system and inter-system levels. At the device level, information about the working 

environment is gathered through sensors and smart meters. The input data can be 

electricity consumption or production, room temperature and humidity, for example. (Liu 

et al. 2019) 

Coordination of energy-related components at the home level occurs at the system and 

inter-system levels. The inter-system level is a level consisting of multiple systems. The 

system level comprises specific energy components into a single system and is the layer 

between the inter-system and the component layer. The system layer controls the energy 

devices of the buildings, so that short-term solutions can be found for that specific system. 

The systems are intended to be autonomous, self-contained systems. The inter-system 

level combines these sub-systems into one larger system that makes the system work 

together (Liu et al. 2019). The inter-system level basically works as an independent 

aggregator for the smart home.  

3.5.5 Communications integration 

The communications in smart energy networks should work in near real-time. The 

following mechanisms should be implemented in the communications system: dynamic 

pricing, smart metering, microgrid and distributed generation. A real-time connection 

improves reliability which is important to ensure the security of supply. (Samie et al. 

2019) 

As stated earlier, the price of energy changes depending on the available energy on the 

market. For this reason, dynamic pricing is a requirement in a smart energy system for 

accurate pricing. There are many types of possible pricing models considered for energy. 

A real-time connection enables dynamic pricing, as the time of use, demand and supply 

can be time-stamped. The other types include time of use and fixed pricing. (Samie et al. 

2019) 

Real-time information exchange between the peers in the energy system is enabled by the 

utilization of smart meters. Information exchange is not the only responsibility of smart 

meters; they should also be able to monitor the energy use of the residential building and 

control and schedule its operations. Finally, smart meters should be able to receive signals 
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and other information such as dynamic price information from the optimization system 

and control the devices of the building accordingly. (Samie et al. 2019) 

The integration of communications into the energy infrastructure should eventually 

enable microgrid or virtual power plant integration. Microgrids and virtual power plants 

can significantly increase the stability of the electricity grid. Most importantly, 

information technology should enable the efficient integration of DER into energy 

systems. As stated earlier, it should be possible to inject any surplus energy generated 

into the corresponding energy grid whenever possible. (Samie et al. 2019)  

In terms of the network itself there are several requirements that must be fulfilled so that 

the system operates in the best way possible. Network latency should be kept as low as 

possible because many of the smart applications require a near real-time connection to 

work optimally, as stated above. Aside from latency, the network should have a high 

bandwidth. It is expected that edge computing should reduce the amount of bandwidth 

required. However, the bandwidth should be high to reduce the chances of the network 

becoming a system bottleneck. (Samie et al. 2019) 

Resilience is important for the communications network. A communications 

infrastructure needs to be able to withstand different kinds of attacks such as DDoS 

attacks. Also, there will be many devices in the Energy Internet network and if they 

operate wirelessly, the interference caused by multiple devices could prove to be a 

challenge for the communications infrastructure. Finally, the Energy Internet is constantly 

evolving as new devices and infrastructure are being built constantly. For this reason, the 

network in the system needs to be easily scalable so that new energy devices can be 

efficiently integrated into the system. (Samie et al. 2019) 

Just like the conventional Internet, the Energy Internet includes various applications that 

do different things. Just like applications working with the regular Internet, security is 

also a concern in Energy Internet-related applications. Applications on the Energy 

Internet can control the energy devices in the systems, grant access and manage sensitive 

information about the residents. For this reason, blocking of malicious codes or other 

attacks against the network is vital. (Samie et al. 2019)  

IoT devices gather a lot of private information, which travels from the prosumer through 

communications networks to the data centres. As the information is stored at the data 
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centres, there would be a significant risk for a privacy violation if a third party obtained 

access to this information. This does not only affect the information in the data centres. 

There is a significant privacy violation risk if data from IoT devices is intercepted. Even 

after encryption, the data can still reveal sensitive information. Just by observing the 

network traffic volume or other side channel information, a third party can receive 

information regarding the prosumer. The data collected by IoT devices should not be 

transferred to any place where third parties would have access to it.  (Samie et al. 2019) 
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4 ENERGY DEVICES 

In this chapter, the integration of energy devices and the challenges related to them are 

discussed. Special consideration is given to the integration of solar thermal collectors and 

heat pumps. The main issues on the electrical side include the frequency control and the 

variability of the RES. Other integration challenges include pricing of energy. Energy 

device integration is also discussed in this chapter.  

4.1 Challenges 

The frequency in the power system is in balance when the supply and demand are 

balanced (Kumar et al. 2019). The power system nominal frequency depends on location. 

In Europe, the frequency of the power system is 50 Hz, whereas the North American 

power grid operates at 60 Hz. Poor quality power can lead to various problems at the end 

user such as electronic equipment damage or malfunctions (Bhattacharyya & Cobbe 

2011). Increasing the amount of RES in the electricity system will have a negative impact 

on the stability and reliability of the grid as most of the RES, especially wind and solar 

power, are non-dispatchable. (Kumar et al. 2019)  

The balance between power consumption and demand must always be in balance to keep 

the frequency near 50 Hz. The TSO will try to keep the frequency in the grid between 

49.9 and 50.1 (Fingrid 2021c). In case they are unable to keep the frequency within limits, 

the protective relays of the power system will forcefully shut down some parts of the 

electrical grid so that the balance between consumption and demand can be balanced 

again. This method is called load shedding. Every actor in the electricity market that is a 

supplier to the local TSO must maintain their own balance and demand. In case they are 

unable to maintain their balance and demand, they will have to have a supplier that 

supplies the grid with imbalance power. An electricity system with a high amount of RES 

will have more frequency fluctuations, which means that there will be more need for 

imbalance power. (Kumar et al. 2019)  

Conventional power plants are connected synchronically through the power system. 

Synchronized power plants are important for the power system energy as they contribute 

to the overall inertia of the system. Total inertia in the system determines at which rate 

the frequency changes in the power system. The higher the inertia in the system, the 



38 

slower the frequency changes in the case of a frequency deviation event. In the case of 

integrating more RES into the power system, the total inertia in the power system 

decreases as conventional power plants are pushed away from the electricity markets. 

Wind and solar power plants do not provide the same inertial support to the power grid 

as conventional power plants. This means that because there will be less inertial support 

in the electricity grid, in the case of a frequency deviation event the frequency will drop 

or rise more aggressively because there is not  as much inertia in the system to balance it 

out. For this reason, methods for balancing the power system are required in the future if 

the aim is to increase the penetration of RES much further. Integrating the power system 

together with the DH networks could potentially ease the load balancing in the form of 

power-to-heat generation. (Kumar et al. 2019)  

Most of the problems concerning the usage of RES are related to their unreliability. The 

fact that most RES are non-dispatchable is a problem because the energy markets are 

planned 24 hours ahead (Nord Pool 2021). The intraday market exists to balance the 

supply and demand. If there is a lot of RES available, this means that there is a possibility 

that power plants that should have been dispatched according to the 24-hour plan will fail. 

This problem will cease to exist when the accuracy of weather forecasts increases.  

4.2 Solar and heat pump systems  

The heat produced by DER should primary be utilized as self-consumption (Sirola & 

Tiitinen 2018). However, in cases of surplus energy generation the surplus energy should 

be fed into the energy grid if possible. In terms of DH networks, a possible two-way DH 

network that enables feeding of surplus heat energy into the DH network is illustrated in 

Figure 17. The return water from the DH network is routed to a separate heat exchanger 

that is indirectly connected to the DH network, just like in the conventional substations. 

Heat pumps can also be included in the heat exchanger system to secure the correct 

temperature for the DH supply. After the DH return water is heated to appropriate 

temperatures, it can be returned to the DH supply pipe. (Finnish Energy 2020) 
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Figure 17.  Two-way district heating connection (modified from Finnish Energy 2020). 

 

There are multiple benefits in connecting heat sources to the DH network through a heat 

exchanger or substation. Firstly, as stated above, the substation works as a boundary 

between the prosumer and the DH operator. A clear boundary between the prosumers and 

DH operators is important so that the responsibilities of the different parties can be clearly 

identified. Other benefits of separating the prosumers and DH network operators are the 

safety of both parties in case of abnormal conditions. Finally, as the prosumers and DH 

operators are separated via substations, both parties have their own closed loop water 

system, which means that the working fluids never mix. This is important because if the 

fluid on either side is contaminated by impurities or is of low quality for some reason, the 

impurities stay within the closed loop and do not travel between the networks. (Sirola & 

Tiitinen 2018)  

Solar technologies for low-temperature district heating are a promising option for 

decentralized energy systems. Solar technologies can be divided into two categories: 

photovoltaics or solar thermal applications. In photovoltaics, solar irradiation is converted 

directly into electricity in the photovoltaic cells due to the photoelectric effect on a 

semiconductor surface (Hernández-Callejo et al. 2019). Solar thermal collectors on the 

other hand work by concentrating the solar irradiation energy into a working fluid that is 

pumped through the collector, which then absorbs the heat from the irradiation.  

The different photovoltaic systems have an interesting interaction with each other. The 

electrical efficiency of photovoltaics decreases when the photovoltaic gets hotter. The 

main purpose of solar thermal applications is to collect heat, which means that by cooling 
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down the photovoltaics using the working fluid that is going into the solar thermal 

collector, the photovoltaics are cooled and the fluid going into the solar thermal collector 

is pre-heated at the same time. (Valizadeh et al. 2019) 

The operating temperature of solar thermal collectors depends on the type of collector 

and operating conditions. Flat plate collectors are commonly used in low-temperature 

(below 100 °C) systems (Tian et al. 2019). Another common solar collector type is the 

evacuated tube solar collector which can operate between 50 °C and 200 °C, providing a 

higher temperature compared to flat plate collectors (Siuta-Olcha et al. 2021). In terms of 

solar collector integration, most residential solar applications are usually coupled with 

supporting energy devices to achieve the best results. This is mostly because DHW 

preparation requires reasonably high temperatures (minimum of 56 °C), and the solar 

collectors’ thermal power output varies depending on climate and weather conditions. 

Solar thermal applications are best combined with thermal energy storage (TES) to 

achieve a high share of total heating demand. (Yang et al. 2017) 

Large-scale solar thermal applications work using the same principles as smaller-scale 

applications. Similarly to residential solar applications, large-scale solar thermal 

applications can be connected to the DH network through heat exchangers, as illustrated 

in Figure 18 (Tian et al. 2019). However, the large-scale solar thermal applications 

typically exist solely for the purpose of supplying heat to the DH networks, as opposed 

to residential solar applications where the heat can be consumed locally (Tschopp et al. 

2020). In terms of its large scale, the value of seasonal thermal storage is high. In general, 

large-scale solar thermal collectors produce enough heat to be stored only during the 

summer periods (Winterscheid et al. 2017). Seasonal storage becomes even more 

important in northern climates where there is a lot of solar radiation during the summer 

and high demand for heat during the winter (Yang et al. 2017). Borehole energy storage 

systems are commonly considered in medium- to large- scale solar applications as 

seasonal storage. (Gao et al. 2015)  
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Figure 18.  Typical district heating connection for large-scale solar thermal applications 

(modified from Tian et al. 2019). 

 

Heat storage technologies can be divided into four categories: hot-water, borehole, gravel-

water, and aquifer thermal energy storage. Borehole energy storage is more common than 

aquifer thermal storage because the latter has unwanted effects on local groundwater. 

(Gao et al. 2015) 

As well as solar thermal collector integration, heat pump integration is also assessed in 

this work. Heat pumps provide heat generation with low carbon emission for the 

residential and industrial sectors (Fischer 2017). The most common heat pump types in 

Finland include exhaust air heat pumps (EAHP), air source heat pumps (ASHP), air-to-

air heat pumps (AAHP) and ground source heat pumps (GSHP), as stated by Hirvonen 

(2013). 

 EAHPs are used to extract heat from a building’s exhaust air. Extracted heat can be used 

for DHW preparation, ventilation or space heating using water-circulated underfloor 

heating, depending on the need. When considering EAHP integration, sizing of the heat 

pump is important as the heat pump requires effective ventilation to work properly. EAHP 

can produce heat with a constant heat output as the exhaust air temperature is nearly 

constant throughout the year. (Motiva 2020) 

ASHPs extract heat from the outside air into water. The hot water can be used for space 

heating or hot water preparation purposes. However, the temperature range of ASHPs is 

quite limited, especially if the temperature of the outside air is cold. ASHPs commonly 
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have problems producing water temperatures over 55 °C for hot water preparation due to 

the cold heat source. However, it is possible to produce higher temperatures using ASHP 

if the heat pump system is supplied with two compressors with different refrigerants. 

(Motiva 2020) 

AAHPs extract heat from the outside air and transfer it to the inside air of a building. 

DHW preparation utilizing AAHP is more difficult compared to other heat pump types 

and they are usually integrated as a supporting heating system. This means that buildings 

with AAHP installed still need a primary heating method that can cover the whole heating 

demand of the building. Issues may arise especially in colder climates.  However, AAHPs 

can be integrated to cut heating costs during the spring and autumn in buildings that use 

electricity for heating purposes. (Motiva 2021a) 

 GSHPs extract solar heat from different ground sources. The ground source can be for 

example rock, water or soil. The piping system that collects heat from the ground is laid 

horizontally into a trench. The trench is usually approximately 1 metre deep. The length 

of the trench depends on the energy needs of the building; a larger trench produces more 

energy. Heat energy from the trench is collected by circulating a working fluid through 

the trench to the heat pump, where the heat is extracted from the working fluid into the 

heating system. Extracting heat from local water bodies is also a possibility if the building 

is located near one. (Motiva 2020; Motiva 2021b)  

GSHPs can also be utilized to extract geothermal heat from the ground originated from 

mineral radioactive decay and warm groundwater sources. Geothermal heat from the 

ground is extracted by drilling vertical boreholes into the ground. The maximum depth of 

the boreholes is between 200 m and 250 m. (Motiva 2021b) 

The coefficient of performance (COP) indicates how well a heat pump provides heat from 

a heat source compared with the electrical energy it uses. The COP of the heat pump 

differs, depending on the heat pump type, refrigerant and the temperature range where 

the heat pump operates. The best COP values are achieved when the temperature 

difference between the heat supply and targeted temperature level is relatively small. 

(Motiva 2021b) 

There are three ways that heat pumps could be implemented into smart energy systems. 

The first is heat pump integration focusing on RES and reducing its curtailment. The other 
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two include some sort of support for the electricity grid. The heat pumps could offer 

support to the electricity grid via congestion or frequency control management. 

As discussed earlier, the integration of power-to-heat technologies can increase the 

potential for wind and solar integration by absorbing the cheap electricity generated by 

wind and solar power. Naturally, there should be a large number of heat pumps that are 

being coordinated for this to have an effect. Coordination of numerous heat pumps could 

enable peak shaving and the balancing of residual load curves. (Fischer 2017) 

Heat pumps can be integrated into the power system in a price-focussed manner. The 

variety in the price of electricity gives the end user an incentive to produce more heat 

during times when the price of electricity is low. The prices of electricity are determined 

in the day ahead markets. However, the prices of electricity are subject to change 

depending on the conditions in the power system. As two-way communications enable 

the prosumer to receive real-time information regarding electricity prices, the prosumer 

could take advantage of the cheap prices and produce cheap heat. (Fischer 2017) 

The coordination of heat pumps could also offer services to the local DSOs in the form 

of voltage control, congestion management and contributing to power reserves (Fischer 

2017). Voltage problems can be caused in the distribution network, especially during off-

peak hours in electricity grids with high renewable penetration, due to the reverse flow of 

electricity (Mufaris & Baba 2013). Increasing the amount of self-consumption, which 

could be attained by controlling the heat pumps, lowers the voltage rise in the low voltage 

distribution grid (Brunner et al. 2015). Congestion management works like voltage 

control, adjusting the heat pumps when the low voltage distribution grid transformers 

overload. This would also constitute an economic incentive as the transformers would not 

have to be oversized. However, it should be noted that a lot more solar electricity is 

generated during the summer, when there is a smaller need for heating compared with 

winter. (Fischer 2017) 

The heat pumps could be used as a power reserve in the form of virtual power plants, 

similarly to the other grid support features. Utilizing heat pumps for demand-side 

management in heating systems could significantly increase the total amount of RES in 

the power system. Heat generation devices could be controlled to absorb surplus 

electricity generation in the case of frequency deviation events at the local level. The 

effect of having a large number of households shift their electrical energy consumption 
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can have a significant effect on supply-demand matching. Consequently, this allows 

integration of a higher amount of variable renewable generation into the power system. 

(Fischer 2017; Hong et al. 2013) 

There are multiple challenges involved in integrating heat pumps as an operating reserve. 

These challenges include pricing, control and predicting the state of the energy system. 

The challenges related to pricing include issues regarding the bidding strategy. A control 

strategy for heat pump integration in this way could be problematic to implement. The 

pool of heat pumps should be controlled in such a way that a decrease or increase in power 

consumption is possible. Finally, predicting the available balancing potential is important 

for efficient use, but may be difficult to do in practice. (Fischer 2017) 

There are many factors affecting the ability of heat pumps to offer demand-side 

management services. Most of the factors can be influenced during the design phase. 

Factors such as the size of the heat pump, building thermal demand, possible thermal 

storage size and the system dynamics are important when system flexibility is considered. 

(Fischer 2017) 

However, there are factors that cannot be influenced through design and depend on the 

environment the device is located in. These factors include the state of the power system, 

local climate and the residents of the building. The state of the power system determines 

whether flexibility from heat pumps is needed or not. Furthermore, it directly influences 

how the heat pump is operated as a flexibility asset. Naturally, if there are only a small 

number of frequency deviation events in the power system, there is little need for heat 

pumps to offer flexibility services and vice versa. (Fischer 2017) 

The operating conditions are determined to a great extent by the residents of the building 

and the local climate. This can directly influence the potential whereby heat pumps can 

be used as a flexibility asset. The consumption of DHW and the temperature inside the 

building can vary depending on the resident. On the other hand, the climate where the 

building is located influences the total heating demand for the building. Finally, the 

attitudes of the residents towards the usage of their heat pump as a flexibility asset and 

possible deviation in their thermal comfort affect the heat pump flexibility options. 

(Fischer 2017) 
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The thermal properties of the building have a major impact on the operation of heat pumps 

(Fischer 2017). A high thermal mass decreases the temperature fluctuations in the 

building (Verbeke & Audenaert 2018). Also, the thermal properties of the building 

determine the demand for space heating (Fischer 2017; Verbeke & Audenaert 2018). The 

heat distribution system of the building can also influence the operation of the heat pump, 

as heat transfer between the heating source and building air temperature is dependent on 

the distribution system and its size. If the building has an option for storing heat in some 

form, this will also influence the operation of the heat pump (Fischer 2017). Heat pump 

systems combined with heat storage have the potential to be used as a load shifting asset, 

depending on the heat storage properties.  

There are three ways that heat pumps could be controlled so that they would benefit the 

electricity grid: direct control, indirect control and agent-based control strategies. The 

direct control of heat pumps refers to a control method where the heat pump is being 

controlled by a third party, for example the DSO. Indirect control refers to a control 

strategy where the heat pump is integrated as a passive load, but the heat pump is 

controlled indirectly by the local control system based on incentives. These incentives 

can include the price of energy or the electricity grid frequency as the variable that the 

heat pump follows. Agent-based control refers to a control method where the heat pump 

communicates with the other energy devices and tries to find the optimal way to achieve 

the best overall solution. (Fischer 2017) 
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5 REQUIREMENT SPECIFICATION 

This thesis aims at identifying a requirement specification for selected energy devices. 

The requirement specification is an important step when considering a new system. A 

well-made requirement specification forms the preliminary foundation of the system from 

which boundaries can be obtained. A good requirement specification facilitates the 

evaluation of the costs and benefits of the new system. (Lintula 2004) 

5.1 Good practices  

A requirement specification is a collection of requirements that the system must have. A 

good requirement in a requirement specification is necessary, verifiable and attainable. 

The requirements should be stated in a way that they can be easily understood, are simple 

and concise. For each requirement, there should be a reason why that requirement exists. 

If the requirement does not have a clear purpose, it is probably not needed. A good 

requirement is also verifiable, meaning that it must be possible to substantiate the 

requirement through testing or analysis. Finally, a good requirement is attainable. Unless 

the requirement can be reasonably achieved in terms of technical, budget or schedule 

reasons, there will be no point in having the requirement. (Hooks 1994) 

The primary objective of the requirement specification is to state what kind of 

requirements there should be in the system. A good requirement specification avoids 

stating how a specific requirement should be attained. It is then the system designer’s 

responsibility to design the new system based on the requirement specification. (Gilb 

2005; Hooks 1994) 

The use of terms is an important factor in requirement specifications. Especially the words 

‘shall’, ‘will’ and ‘should’ need to be understood. The choice of word matters when 

drafting a requirement specification. The word ‘shall’ is used in requirements, ‘will’ is 

used in factual statements and ‘should’ is used when talking about goals. Wording is 

important because deviating from it may cause unnecessary confusion. Also, the use of 

ambiguous terms should be avoided when drafting a requirement specification. This is 

because ambiguous terms are difficult or in most cases impossible to verify. (Hooks 1994)  
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Attention should also be given to the structures of the requirements. As the purpose of a 

requirement specification is to be used as a guideline when designing something, it is 

essential that the requirements are easy to read and understand. Usage of bad grammar in 

the requirement specification may lead to misinterpretation. (Hooks 1994) 

In terms of the content of the requirement specification, it is crucial not to state 

requirements that are either overly strict or over specifying. Overly strict or specifying 

requirements make design work significantly harder and possibly more expensive. Stating 

something that is overly specifying usually makes the requirement unnecessary and needs 

to be removed. (Hooks 1994) 

On the other hand, it is also bad to omit requirements (Hooks 1994). Writing a good 

requirement specification requires finding a good balance between writing the critical 

requirements for the system without being too specific (Gilb 2005). Most importantly, 

when writing a requirement specification, it is crucial not to make any erroneous 

assumptions (Hooks 1994). Below is a list in the form of a table (Table 1) representing 

the attributes of a good requirement specification.  

Table 1. Good attributes for requirements in a requirement specification. 

Attribute Explanation Reference 

Correct Facts included in the requirement specification 

must be correct. 

Lintula 2004; Taina 2005; Wiegers 

& Beatty 2013; Zielczynski 2007 

Consistent Direct and indirect conflicts within 

requirements should be avoided.  

Lintula 2004; Wiegers & Beatty 

2013; Zielczynski 2007 

Complete Requirements may change during the process 

and project, which is why perfect completeness 

is nearly impossible to attain.  

Lintula 2004; Taina 2005; Wiegers 

& Beatty 2013; Zielczynski 2007 

Realistic Each requirement should be feasible to 

complete within available/reasonable resources.  

Taina 2005; Wiegers & Beatty 

2013; Zielczynski 2007 

Necessary If by removing the requirement, the system is 

not affected in any way, the requirement is 

unnecessary.  

Lintula 2004; Taina 2005; Wiegers 

& Beatty 2013; Zielczynski 2007 
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Attribute Explanation Reference 

Verifiable Each requirement in the requirement 

specification should be verifiable through 

testing or analysis.  

Lintula 2004; Taina 2005; Wiegers 

& Beatty 2013; Zielczynski 2007 

Traced The origin of each requirement needs to be 

evident for the specification to be traced.  

Lintula 2004; Taina 2005; Wiegers 

& Beatty 2013 

Unambiguous Requirements do not use words or phrases 

which can be interpreted in multiple ways.  

Lintula 2004; Taina 2005; Wiegers 

& Beatty 2013; Zielczynski 2007 

Modifiable The requirements should be modifiable based 

on the evolution of the project and errors in the 

requirement specification. 

Lintula 2004; Wiegers & Beatty 

2013 

Concise The requirements are short and atomic but still 

of high quality. 

Lintula 2004; Wiegers & Beatty 

2013; Zielczynski 2007 

 

5.2 Requirement process 

Depending on the project, requirements come in different types. There are many 

requirement types to consider, including business, user, functional, non-functional and 

system requirements. However, business requirements are not considered in this thesis. 

User requirements state what the user can do with the product (Wiegers & Beatty 2013). 

User requirements are usually determined when considering the use case for the project. 

The user requirements basically state how the user interacts with the system and what the 

user expects the system to do. Traceability in requirement specifications is important for 

understanding during a later time where a specific requirement came from. It is also 

crucial to understand why a certain requirement was made. (Kraeling & Tania 2019) 

Functional requirements are requirements that state how the system should work under 

different conditions. Traditionally, the functional requirements are written as “shall” 

statements. The functional requirements are based on the views of the different 

stakeholders and their user requirements. (Wiegers & Beatty 2013) 
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System requirements are requirements that subsystems or combination of components 

must fulfil. In the case of a traditional requirement specification process, the requirements 

can include requirements for hardware and software systems. Also, people and processes 

are included as part of the system. System requirements are not always clear from the 

user’s perspective. (Kraeling & Tania 2019; Wiegers & Beatty 2013)  

Finally, non-functional requirements are used to define the quality attributes of the 

system. Basically, the non-functional requirements answer the question “how well” the 

system does a specific functionality. Non-functional requirements can include 

requirements related to security, usability and performance. In addition, non-functional 

requirements can include information regarding the environment in which the system 

operates. (Wiegers & Beatty 2013)  

A good requirement specification process consists of four steps: elicitation, analysis, 

specification and validation. The steps of the requirement specification process are 

illustrated in Figure 19. Elicitation is the first step of the requirement specification 

process. The process starts with the identification of the different stakeholders of the 

system and gathering information about user goals and other tasks. Usually at this step it 

is decided whether the requirement specification will be usage- or product-centric.  

(Wiegers & Beatty 2013) 

 

Figure 19.  The requirement specification process (modified from Wiegers & Beatty 

2013). 

 

There are many ways to perform the elicitation part of the requirement specification 

process. The document analysis that is mainly used in this work can be used as the basis 

for requirement elicitation. Document analysis can include any document that is related 

to the target system, such as research articles or other requirement specifications. A good 

requirement specification should consider if any existing requirement specifications have 

been made for the target system and compare them. The existing requirement 
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specifications of similar systems may provide new insight and views on the requirement 

specification in progress. Also, examination of the problem reports of similar systems can 

be useful when considering new requirements, since problem reports can reveal mistakes 

that have been made during the design phase. Another way of performing elicitation is to 

hold interviews or send questionnaires to determine possible requirements. Discussing 

with people who are directly involved in the design is a good way of determining possible 

user requirements and what they think is important in terms of the system design. 

(Wiegers & Beatty 2013)  

In the analysis step, the information received from the elicitation step is analysed. The 

requirements from the different stakeholders are divided into the different requirement 

types and quality expectations. In this step, unnecessary requirements are removed and 

gaps in requirements are identified. The analysis step also aims at understanding the 

requirements at a deeper level compared to the elicitation step. The requirements are 

allocated to their corresponding components in the system. (Wiegers & Beatty 2013) 

In addition to analysis, the requirements are refined in the analysis step in such a way that 

each stakeholder class can understand them. The requirements are prioritized, so that the 

most important requirements come first. Prioritization is important so that the designers 

of the system know which requirements are the most crucial. This is also a good time to 

review the requirements for their feasibility. Finally, if models are going to be made for 

the project, they should be made in this stage. Models and possible prototypes can help 

reveal whether the design is technically and financially feasible. (Wiegers & Beatty 2013) 

The specification step is about translating user needs into a well-written requirement. As 

discussed earlier, the requirements should be written in a well-organized and formal 

fashion in a document or diagrams for review and validation. The requirements should be 

collected in a requirement specification template. In this work, the requirements were 

collected in the form of tables. The most important feature of the templates is that they 

provide a consistent structure for the requirement specification. Not having a consistent 

structure for the requirement specification may cause unnecessary confusion. Traceability 

of the requirements can be improved by adding labels to the requirements. This makes it 

easier to go back and find where the idea for the requirement originally came from. 

Finally, after the other requirements have been stated, the non-functional requirements 

should be specified at this stage. (Wiegers & Beatty 2013)  
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The last step of the requirement specification process is validation. The requirements 

written in the specification step are reviewed and checked to see if any problems exist. If 

problems exist, they are corrected in this step. The requirements need to be validated 

through acceptance tests and criteria to confirm that the requirement meets the needs of 

the customer. (Wiegers & Beatty 2013)  

If possible, the requirements should be tested. Tests can help determine whether the 

requirement was successful or not. Acceptance criteria for the requirements should be 

developed at this stage as well if tests are used. Requirement simulation can also work 

well as a validation method. (Wiegers & Beatty 2013)  

A requirement document is drafted after the requirement specification process. The 

requirement document will unambiguously describe the requirements and models for the 

system. The requirements in the document will have to be easily modifiable later. User 

requirements and system requirements are also stated in the requirement document 

including both functional and non-functional requirements. (Taina 2005)  
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6 INTEGRATION REQUIREMENTS OF ENERGY 

DEVICES 

In this chapter, requirements for solar thermal collectors and heat pump systems are 

identified. Integration procedures are considered individually for both energy devices. 

The requirements in these tables are prioritized within the tables. The first requirement in 

the table has the highest priority. The requirements are grouped based on the technology 

or feature they are related to.  

6.1 General requirements 

Publication K1/2020 defines how to connect buildings to the DH network (Finnish 

Energy 2020). When integrating energy devices, the requirements in K1/2020 should be 

noted since it contains requirements for the DH substation to which the selected energy 

devices are connected. The requirements related to the operating conditions at the 

substations are presented in Table 2.  

Table 2. Requirements related to operating conditions (Information source: Finnish 

Energy 2020). 

Type/device Functionality Interface requirements 

All devices connected 

to DH network 

Delivery of heat energy Devices shall withstand the DH 

maximum temperature of 120 °C in 

continuous operation. 

Devices in the 

primary loop 

Delivery of heat energy Devices shall withstand the maximum 

pressure of 1.6 MPa in continuous 

operation. 

Devices in the 

secondary loop 

Extraction of heat from the primary 

loop 

Devices shall withstand the maximum 

pressure of 1.0 MPa in continuous 

operation. 

Heating network Delivery of heat Pressure in the heating networks should 

be at least 0.6 MPa. 
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Primary loop Delivery of heat Pressure difference after measurement 

point shall be at least 60 kPa. 

 

All the devices within the DH network shall be able to withstand temperatures of 120 °C 

for their whole lifecycle. This includes domestic heating, domestic hot water preparation 

and possible ventilation applications. In terms of the operating pressure, the devices 

within the primary DH loop need to be fitted to withstand pressures of 1.6 MPa at 

minimum. The pressure of the secondary loop is not as high as it is in the primary loop 

and hence the devices only need to withstand a maximum pressure of 1.0 MPa. However, 

when designing heating network systems, it is advisable for the pressure to be at least 0.6 

MPa. Finally, the pressure difference between the DH supply and return pipes shall be at 

least 60 kPa (Finnish Energy 2020; Tiitinen 2014). This requirement is in place to ensure 

that the DH supply water circulates properly throughout the customers’ energy devices 

and across the whole DH network (Tiitinen 2014). 

Substation temperatures are also defined in K1/2020. In new houses, the operating 

temperatures are chosen to minimize thermal losses. The maximum temperatures for 

different parts of the DH system are presented in Table 3. These requirements are valid 

for the heat exchangers of building heating and ventilation. It should be noted that the 

temperatures for low-temperature DH can be significantly lower compared to high-

temperature DH (Finnish Energy 2020). In general, all heat exchangers are sized to meet 

the highest required demand for the building (Finnish Energy 2020; Helen 2015).  

Table 3. Maximum and minimum temperatures of heat exchangers for building heat and 

ventilation (Information source: Finnish Energy 2020). 

Type/device Functionality Interface requirements 

Substation heat 

exchanger primary 

loop side 

Supplying substation with heat 

energy 

Maximum temperature of the supply 

water at the heat exchangers shall not 

exceed 115 °C. 

The temperature of return water shall be 

below 33 °C. 
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Type/device Functionality Interface requirements 

Substation heat 

exchanger secondary 

loop side 

Extraction of heat energy from 

primary loop 

Supply water temperature from heat 

exchanger shall not exceed 60 °C. 

The temperature of the return water 

coming to heat exchanger shall be below 

30 °C. 

Heat exchanger Extraction of heat energy from 

primary loop 

The temperature difference between the 

return flows of primary and secondary 

loops should not exceed 3 °C. 

 

The requirements for building heat and ventilation are mostly related to the maximum 

and minimum temperatures. The maximum temperature for the heat exchangers in 

substations is 115 °C according to K1/2020. However, it is advised to use as low a 

temperature as possible for good energy efficiency and control purposes (Finnish Energy 

2020). For the secondary loop, the maximum supply temperature from the heat exchanger 

is 60 °C at most. The return temperatures of the primary loop should be below 33 °C and 

in the secondary loop 30 °C. Finally, the temperature difference between the primary and 

secondary loop return temperatures should not exceed 3 °C.  

Domestic heat water exchangers have slightly different requirements for their integration. 

These requirements are stated in Table 4. The differences are mainly related to the 

temperature at which the heat exchanger operates. It is stated in Ministry of the 

Environment legislation 1047/2017 that the temperature of domestic hot water should be 

over 55 °C across the whole system (Ympäristöministeriö 2017). In practice, heat 

exchangers are designed so that the water temperature at the heat exchangers outlet will 

be at least 58 °C to ensure 55 °C in the whole domestic hot water circulation (Finnish 

Energy 2020). However, the temperature in a domestic hot water system should not rise 

above 65 °C, according to 1047/2017. (Ympäristöministeriö 2017) 
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Table 4. Maximum and minimum temperatures of heat exchangers for domestic hot water 

preparation. 

Type/device Functionality Interface requirements Information source 

Domestic hot 

water heat 

exchangers 

primary loop 

Providing heat for hot 

water preparation 

Return water temperature 

from domestic hot water heat 

exchanger shall be maximum 

of 20 °C. 

Finnish Energy 2020 

Domestic hot 

water heat 

exchanger 

secondary loop 

Extraction of heat from 

primary loop for hot 

water preparation 

Supply water temperature 

from DHW exchanger shall 

be at least 58 °C. 

Finnish Energy 2020 

  Supply water temperature 

from DHW heat exchanger 

shall not exceed 65 °C.  

Ympäristöministeriö 2017 

Domestic hot 

water heat 

exchanger 

Providing heat for hot 

water preparation 

Domestic hot water heat 

exchangers shall not be used 

for after-heating purposes. 

Helen 2015; Lahti Energia 

2021 

Domestic hot 

water pump 

Circulation of water in 

the domestic hot water 

system 

Flow of domestic hot water 

to the heat exchangers shall 

be at least 0.3 dm3/s. 

Finnish Energy 2020 

  Domestic hot water pump 

shall be in constant 

operation. 

Finnish Energy 2020 

 

6.2 Solar thermal collectors  

The requirements for solar thermal integration are considered in this section. The use case 

considered in this section involves a residential building with solar collectors. The 

following section includes requirements related to the system described. This section only 

considers solar thermal integration into DH networks and only interface requirements are 

considered.   
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The simulated experimental set-up considered in this case is a conventional residential 

building supplied with solar thermal collectors as a supporting heating system. The heat 

received from the solar collectors is used for DHW preparation and for space heating. The 

building is connected to the DH network. Heat from DH is utilized when the solar 

collectors are not able to supply the building with enough heat energy. The building is 

also supplied with a two-way district heating connection. Surplus heat supplied by the 

solar collectors can be fed to the DH network. The building also has its own home 

automation system to control and acquire data from the solar collectors. The home 

automation system is connected to the district heating operator via a two-way Energy 

Internet.  

Firstly, the substations must fulfil the requirements stated in K1/2020 (Finnish Energy 

2020) and in Section 6.1 Table 4.  Supporting heat sources are connected to the secondary 

loop in parallel with the DH connection. Using DH for after-heating is not permitted 

because it has an unwanted effect on the DH energy efficiency as reheating will decrease 

the temperature difference between the DH supply and return pipes. Requirements for 

parallel heat source substation connection are shown in Table 5. (Helen 2015; Lahti 

Energia 2021). 

Table 5. Requirements for substation with a parallel heat source. 

Type/device Functionality Interface requirements Information source 

Secondary loop in 

hybrid heating 

system. 

Extraction of heat from DH 

network 

The connection must fulfil 

requirements stated in 

K1/2020 (and Table 4). 

Finnish Energy 2020 

 Supplying heat for consumer 

applications 

Secondary heat sources shall 

be connected to the heating 

system in parallel. 

Helen 2015; Lahti 

Energia 2021 

Solar thermal 

collector 

Heat supply for DHW and 

space heating purposes 

Solar collector shall be able to 

supply heat to the building 

heating system. 

Yang et al. 2017 
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Type/device Functionality Interface requirements Information source 

DH substation Extraction of heat from DH 

network 

Returning DH water 

temperature shall not rise 

above 20 °C unless the 

temperature of cold water is 

over 10 °C. 

Finnish Energy 2020 

  Parallel heat source shall not 

increase the annual average 

DH return temperature, 

Sirola & Tiitinen 

2018 

 

When considering how to enable the two-way connection to the DH network, a lot of 

factors need to be taken into account before anything can be done. The requirements for 

a substation that provides a two-way connection are presented in Table 6. Integration of 

heat sources into the DH network must be economically, environmentally and technically 

feasible for all participants. Connecting individual heat sources to the DH must be 

considered on a case-by-case basis. This is because each individual heat source that is 

added to the DH network will affect the dynamics of the DH network and the other 

producers of heat. This means that, even in integration of identical cases, the possibility 

to connect the heat source to the DH network must be considered again. (Sirola & Tiitinen 

2018) 

Table 6. Basic requirements for two-way substation connection. 

Type/device Functionality Interface requirements Information 

source 

DH substation Supplying surplus heat to 

DH network 

DH substation shall be able to 

supply waste heat from the 

building heating system to the 

DH network. 

Finnish Energy 

2020; Sirola & 

Tiitinen 2018 

  Heat should be supplied 

primarily to the DH supply pipe. 

Finnish Energy 

2020; Sirola & 

Tiitinen 2018 
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Type/device Functionality Interface requirements Information 

source 

  Supplied heat should be at least 

the same temperature as at the 

point to which the heat is 

supplied. 

Sirola & Tiitinen 

2018 

  The DH substation shall be 

supplied with a heat meter that 

considers energy sold to the DH 

network. 

Sirola & Tiitinen 

2018 

 

For the prosumer to be able to supply heat to the DH network, the substation needs to be 

supplied with a two-way connection. Prosumers should primarily supply the heat they 

generate to the DH supply line. The water to the heat exchanger that supplies heat should 

come from the DH return pipe. After the return water from the DH network is supplied 

with heat, it is returned to the DH supply pipe for further use. In terms of temperature, the 

heat that is being supplied to the DH should be at least the same temperature as that at 

which the DH network is currently operating. The temperature of supplied heat can vary 

more if the volume of supplied heat is small compared with the amount in the DH 

network. Supplying the heat to the DH return pipe is also possible. However, this needs 

to be carefully considered as this will increase the temperature in the return pipe and 

hence decrease the efficiency of the DH network. Supplying waste heat to the return pipe 

of the DH may outweigh the negatives if the cost of waste heat is low enough. In cases 

like this, utilization of a heat pump to extract the waste heat from the DH return pipe 

before the water goes into the CHP plant should be considered. This method aims at 

increasing the efficiency of combined heat and power production. Finally, if waste heat 

is being supplied to a DH network, the substation should be supplied with an energy meter 

that can measure the amount of heat that is being transferred to the DH network. (Sirola 

& Tiitinen 2018)  

When considering the integration of different heat sources into a DH network, variables 

such as the value of heat and how much the integration displaces conventional heat 

generation must be considered (Sirola & Tiitinen 2018). Each time a new source of heat 
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is added to the DH network, it replaces some of the conventional generation in the system. 

Heat sources should be used from the cheapest to the highest generation possibility 

according to the merit order. However, energy from renewable energy sources should be 

prioritized when available if possible.  

Each installation is different, and the designer of a heating network has to consider many 

aspects when integrating new energy sources into the heating network. As stated earlier, 

the pumps and pressure inside the network need to be taken into account so the fluid 

moves well in the network. Attention should also be paid to the sizing of the instruments 

and to the location to which the substation is connected. Bad sizing of instruments or 

design in general can lead to bottlenecks in the system and uncertain operation.  

The requirements for the supply of heat to either the supply or return flows of the DH 

network are shown in Table 7. If heat is being supplied to the return pipe, it is crucial that 

the connection points have enough flow to avoid forming a bottleneck in the system. The 

pump at the DH substation needs to be powerful enough that the working fluid can be 

pumped from lower pressure return water through the heat exchanger into the 

significantly higher pressure DH supply pipe without issues. The pump at the substation 

should be fitted according to the pressure at which the corresponding pipe is operating. If 

heat is being supplied to the DH return pipe, which is not advised but in some cases may 

be worth it, the substation pump does not need to be as powerful, as the pressure in the 

DH return pipe is lower.  

Table 7. Connecting a substation to DH (Information sources: Finnish Energy 2020; 

Sirola & Tiitinen 2018) 

Type/device Functionality Interface requirements 

DH substation pump Supplying heat to the DH 

network 

Substation pump shall be able to feed heat 

to the DH network. 

DH substation Heat supply into return pipe Connection point shall have flow (TBD) 

in all situations. 
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DH substation 

connection 

Transfer of heat Pressure in the supply pipe shall always be 

higher than in the return pipe. 

 

For a third-party DH connection to be possible, there is information that the DH company 

needs to share with the prosumers and system designers. This includes information 

regarding temperatures and pressure, and the requirements for this information are shown 

in Table 8. As each connection to the DH network is made individually, it is the 

responsibility of the DH company to offer information about the overall temperature of 

the DH network and, most importantly, about the temperature at the location of the third-

party connection. The DH network operator should also determine the temperature levels 

where the system can supply heat to the DH network. These temperature levels can vary 

depending on the size of the heating system. Smaller installations do not have as great an 

effect as the dynamics of the DH network and hence the temperature levels can differ 

more as opposed to a larger installation. However, it should be remembered that even 

smaller installations aim at supplying heat of at least the same temperature as at the 

location to which the heat is supplied. Furthermore, these temperature levels may change 

depending on the season and weather conditions. During summer periods it may be 

unfeasible to supply surplus heat to the DH network due to the smaller overall 

consumption compared to winter periods. On the other hand, during winter periods there 

is a risk of pipeline freezing that needs to be taken into account. (Sirola & Tiitinen 2018)  

Table 8. DH company goals and responsibilities (Information source: Sirola & Tiitinen 

2018). 

Entity Responsibility Purpose 

DH company Information regarding DH 

temperature at the supply location 

Required for adequate supplying of heat 

energy 

 Information regarding permitted 

temperature limits for heat supply 

at the supply location 

Determination of allowed limits for heat 

third party heat supply. This information 

can vary on a case-by-case basis. 
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Entity Responsibility Purpose 

 Information regarding pressure 

levels inside the DH network 

including pressure difference 

measurements 

Pressure information is important 

especially during system design. 

 

Apart from temperature information, the DH operator needs to provide information to 

third parties regarding the pressure in the network. The pressure difference is important 

because it determines which way the water flows in the network. Not considering the 

pressure difference in the location where the system is integrated may lead to unwanted 

bottlenecks. Therefore, it is important to design the system in a way that the fluids move 

correctly within the heating system. Problems may also occur at the edges of the DH 

network because DH lines are smaller than the main lines. For this reason, it is more 

beneficial to integrate third-party heat sources near the main lines.  

The control of a two-way substation is important for the system to work as it is supposed 

to. Requirements for substation control can be found in Table 9. When integrating new 

third-party connections into the DH network, it is crucial that the new installations do not 

decrease the heat quality in the network for other users nor affect the operation of the DH 

network negatively. The new installations must also be done in such a way that the DH 

operator is in full control of what happens in their own network. Finally, regarding a two-

way substation connection, the DH network operator should be the entity that determines 

how and when heat is supplied to the DH network. (Sirola & Tiitinen 2018)  

Table 9. Requirements for substation control (Information source: Sirola & Tiitinen 

2018)  

Type/device Functionality Interface requirements 

Hybrid heating 

system substation 

Supplying DH with waste heat Supply of waste heat to DH shall not 

decrease the heat quality for other 

consumers. 

Hybrid heating 

system 

Supplying DH with waste heat Does not influence the operation of the 

DH network. 
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  The DH company shall be in control of 

the whole DH system. 

  The DH company shall control how heat 

is supplied to the DH network. 

  

System aggregation into the DH network comes with additional requirements. The 

requirements for supplying heat into DH networks are shown in Table 10.  For optimal 

and efficient operation, balancing the supply and demand for heat energy is critical. If 

there is too much heat energy in the DH network, it leads to a situation where heat is 

essentially going to waste. Even though the DH network has quite good storing 

possibilities and the heat output to substations can be controlled well by adjusting the 

flow rate in the network, supplying heat to the DH network should still be controlled. The 

optimization criterion for supplying heat to the DH network is the operating costs, 

meaning that heat sources should be utilized from the cheapest to the most expensive heat 

energy source. Variable renewable generation and low carbon energy sources are the 

exception to this rule. Variable energy generation such as heat from solar collectors 

should be utilized whenever possible, as long as it does not cause issues in the DH system. 

(Sirola & Tiitinen 2018)  

Table 10. Requirements regarding DH network aggregation. 

Type/device Functionality Interface requirements Information source 

Third-party heat 

sources 

Supplying heat to the 

DH network 

Heat supply should not exceed 

the heating demand of the DH 

network. 

 

Sirola & Tiitinen 

2018 

All heating sources 

connected to DH 

Heating system 

flexibility 

Heating sources shall be 

utilized based on operating 

costs apart from variable 

renewable generation and low 

carbon sources. 

Sirola & Tiitinen 

2018 
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Type/device Functionality Interface requirements Information source 

DH network Aggregation of energy 

sources 

The DH company shall be the 

operator responsible for 

system aggregation. 

Pöyry 2016; Sirola & 

Tiitinen 2018) 

  The DH company shall be 

responsible for operational 

balancing of the DH system. 

Pöyry 2016; Sirola & 

Tiitinen 2018) 

DH network Energy pricing Pricing of heat is organized 

transparently for all third-

party heat producers. 

Pöyry 2016 

 

The DH company should be responsible for the aggregation. This means that the DH 

company is responsible for deciding which energy sources are utilized at a given time, 

based on transparent rules. The DH company should buy heat from the third-party 

producers transparently. Contracts regarding the price of bought energy are made on a 

prosumer-by-prosumer basis and the contract is made between the DH company and the 

prosumer directly. The DH company is also responsible for the operational balancing of 

the DH network, meaning that it is responsible for balancing out the production and 

demand in the system and securing energy availability for all users. (Pöyry 2016) 

Requirements regarding measurement are listed in Table 11. In terms of basic 

requirements and information regarding measurement devices, the content of publication 

K13/2008 should be complied with. Energy measurement devices in the system should 

be able to measure energy flows within 5% accuracy (Finnish Energy 2008). Also, the 

most important requirement for measurement equipment related to the integration of solar 

collectors is that they must be readable remotely. However, non-obligatory measurements 

that are built into a DH substation can be readable locally. A remote connection is an 

important requirement so that the data can be acquired in an automated manner and 

utilized for various purposes, such as controlling the overall system.   

As stated in K1/2020, the pressure difference between the return and supply pipes in the 

DH networks must be at least 60 kPa in all situations. Therefore, the pressure difference 

should be measured continuously in the substations. In addition to the pressure difference, 
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pressure should also be measured especially when supplying heat to the main supply pipe. 

As stated above, the substation pump is sized based on the operating pressure of the DH 

supply line. The pressure in the line connected to the DH supply line needs to be higher 

than the DH supply line pressure for fluids to flow in the correct direction. Hence, the 

pressure and flow in a line entering the DH supply line should be measured to ensure that 

the system works optimally. The flow and temperature in the same line should also be 

measured, but they should be covered by the energy meter. Regarding the energy meters 

in the system, the meters should be able to transmit the information they measure to the 

SCADA system that is used to operate the system at the local level.  

Table 11. Measurement requirements. 

Type/device Functionality Interface requirements Information 

source 

All measuring devices in 

the substation 

Measurements 

related to energy 

management 

The devices in substation 

should meet requirements 

stated in K13/2008. 

Finnish Energy 

2008 

Substation measuring 

devices 

Remote reading All measuring devices 

should be readable remotely. 

Finnish Energy 

2008; Sirola & 

Tiitinen 2018) 

DH substation pressure 

measurement 

Securing pressure 

requirements in the 

system 

Pressure difference between 

return and supply pipe shall 

be measured. 

Sirola & Tiitinen 

2018 

DH substation Heat supply to DH 

supply line 

Flow into DH networks 

should be secured by 

measurements. 

Sirola & Tiitinen 

2018 

 Flow and 

temperature 

measurements 

Smart energy meters should 

provide temperature and 

flow information to the local 

building automation system. 

Finnish Energy 

2008 
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The local building automation system is used to control the substation and possibly other 

energy assets. Edge computing should also be utilized in the building automation system 

to reduce the traffic in the communications networks. Requirements for the local building 

automation system are depicted in Table 12. Firstly, a suitable building automation 

protocol should be used to organize the transmission of information. The building 

automation protocol chosen depends on the system designer. However, the chosen 

building automation protocol should be reliable, safe and have low latency. High 

transmission capacity is also recommended.  

Table 12. Requirements for the building automation system. 

Type/device Functionality Interface requirements Information source 

Building 

automation 

Information flow Suitable building automation 

protocol that is capable of fast, 

reliable and secure operation 

should be utilized. 

Partially based on 

Finnish Energy 2020; 

Hussain et al. 2019; 

Samie et al. 2019 

  Local SCADA system should 

strip information that is sent to 

DH control system of personal 

information. 

Partially based on 

Okay & Ozdemir 

2016 

 System control Building automation system 

should be able to control the local 

energy devices autonomously. 

Partially based on 

Aljohani 2018 

  System shall be retired from or 

integrated or into the DH network 

without affecting the rest of the 

system. 

Partially based on 

Aljohani 2018 
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Type/device Functionality Interface requirements Information source 

 Aggregation Building automation system 

should be able to control energy 

devices according to the 

aggregation information received 

from the DH control system. 

Partially based on 

Pöyry 2016; Sirola & 

Tiitinen 2018 

 Display The prosumer should be able to 

receive information about the 

state of the heating system and 

DH network via in-house display. 

Finnish Energy 2020 

 

The building automation system should be able to control the energy appliances 

autonomously. This means that the data acquisition and control of the substation and other 

energy appliances in a building happens locally. However, the local building automation 

system should control the supply of energy to the DH network based on the control signals 

from the DH control system. This means that the DH operator will send signals to the 

local building automation systems about whether they are able to supply their waste heat 

to the DH network or not. Therefore, it would also make sense that the system should be 

able to be retired or integrated back into the system without affecting the rest of the 

system. For this to be possible, the local building automation system needs to be able to 

receive these signals and act accordingly. There is also some information that the local 

building automation system needs to send to the DH control system, such as information 

on whether heat energy is available or not. The amount of available energy may change 

on a day-to-day basis as the heat from the secondary heat source should primarily be used 

locally. Hence, the amount of available energy changes depending on the consumer’s 

thermal load. Local building automation systems may hold sensitive personal information 

such as information related to the lifestyle of the consumer, which is why the building 

automation system should be able to strip the information of personal information before 

it can be sent to the DH control system.  

Finally, prosumers should be able to receive information from the building automation 

system for their personal use. This is not always required in cases where the prosumer 
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does not want it, but it is highly recommended. The display should be able to show the 

prosumer all the relevant information regarding the state of their heating system, such as 

how much heat is being produced and whether it is being supplied to the DH network or 

not. The display is also important as it can work as a means of communication between 

the DH company and the prosumer.  

The Energy Internet enables communication between the local building automation 

systems that control the energy appliances of buildings and the DH control system. The 

requirements for Energy Internet integration are presented in Table 13. Most importantly, 

communication between the local building automation system and DH control system 

should be a bidirectional information exchange, where important information is being 

exchanged back and forth. Naturally, this means that the local building automation system 

needs to be equipped with the means to connect to the Energy Internet to make this 

connection possible.  

The local automation system should also be able to receive aggregation information from 

the DH control system. The DH company is responsible for the aggregation (Table 9) and 

is the responsible party in deciding which heat sources are utilized. Naturally, when the 

DH control system sends information to the local building automation system, the 

building automation system acts accordingly (Table 12).  

Table 13. Requirements for Energy Internet. 

Type/device Functionality Interface requirements Information 

source 

Energy Internet Communication between 

DH company and 

prosumer 

The local building automation 

system shall be able to receive 

and transmit information to the 

Energy Internet. 

Partially based 

on Hussain et 

al. 2019 

  Information flow between the DH 

company and the prosumer shall 

be bidirectional. 

Partially based 

on Hussain et 

al. 2019 

 Communication network Information flow should be real 

time and resilient. 

Samie et al. 

2019 
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Type/device Functionality Interface requirements Information 

source 

  Information flow shall be secure. Samie et al. 

2019 

  Data exchange shall be arranged 

in an interoperable manner. 

Partially based 

on Aljohani 

2018; 

Bruinenberg et 

al. 2012 

 Aggregation information 

exchange between the 

building automation and 

DH operating system 

The building automation system 

shall be able to receive 

aggregation information from the 

aggregation centre. 

Partially based 

on Pöyry 2016; 

Sirola & 

Tiitinen 2018 

 Energy price information 

exchange 

The building automation system 

should be able to receive 

information regarding energy 

prices. 

Partially based 

on Hussain et 

al. 2019 

 

Requirements for system operation in abnormal conditions are presented in Table 14. 

These abnormal conditions could mean situations where the DH company is unable to 

transfer the heat from the prosumer to other consumers. Situations like this may be 

planned or unplanned. Planned operations may include the maintenance or expansion of 

DH networks. Unplanned situations can be the formation of bottlenecks somewhere in 

the networks or other disturbances in the DH network in which third-party supply of heat 

must be terminated.  
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Table 14. Requirements for abnormal conditions. 

Type/device Functionality Interface requirements Information 

source 

DH substation Heat supply into DH network The DH company shall control 

the heat supply during abnormal 

conditions. 

Partially based 

on Sirola & 

Tiitinen 2018 

Building 

automation 

system 

Information flow The prosumer should be able to 

receive information regarding 

abnormal situations in their 

building automation system. 

Partially based 

on Sirola & 

Tiitinen 2018 

  The DH company shall ensure 

that the prosumer gets 

information regarding abnormal 

conditions. 

Partially based 

on Sirola & 

Tiitinen 2018 

Energy 

Internet 

Information Exchange Information related to process 

safety shall be verified. 

 

Partially based 

on Sirola & 

Tiitinen 2018 

 

In cases where something abnormal occurs in the DH network, the DH company should 

be able to give commands to the third-party heat suppliers to terminate their production. 

In practice, this could be organized in the same fashion as the aggregation in the system. 

The DH company will send instructions through the Energy Internet to terminate the heat 

supply to the DH network, and if necessary, terminate the heat extraction as well.  

During abnormal conditions, the prosumer should be able to receive information about 

possible disruptions within the DH network. As the DH network operator can send 

information to the prosumer via the Energy Internet, it could be used to inform the 

prosumer of possible disturbances within the system. However, this is not required if the 

DH company has some other means of informing prosumers of abnormalities in the 

system.  
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Safety abnormalities in the DH network may occur for multiple reasons. In general, when 

it comes to abnormalities in DH networks, a common problem in the DH network is the 

formation of bottlenecks. Bottlenecks in DH networks are caused by too small a pressure 

difference at the connection point. Formation of bottlenecks may become a problem in 

DH networks that are being converted to lower temperature networks or being expanded 

(Brange et al. 2017). Therefore, if the pressure difference within the connection point 

cannot be secured, the supply of heat to the DH network should be halted. Bottlenecks 

could also be formed at the local level if the substation pump is unable to reach the 

pressure at the heat supply location. Other requirements related to pressure work as limits 

for process safety and are shown in Table 2. In particular, the upper pressure limit is 

important in terms of process safety as too high a pressure may cause equipment failures 

in the system.  

If a third-party heat supplier is unable to provide heat with the agreed heat quality, the 

third-party heat supply should be temporarily stopped. This limit has both upper and 

lower boundaries, as supplying heat with too low a temperature lowers the heat quality 

for other users. On the other hand, if the temperature of the supplied heat is too high, the 

process equipment is at risk of being damaged. Hence, the supplied heat temperature 

needs to be within limits. The requirements for how to act in case of abnormal conditions 

are listed in Table 15. 

Table 15. Requirements for process safety.  

Type/device Functionality Interface requirements Information 

source 

DH substation Supply of heat to DH network If there is not sufficient 

pressure difference in the 

connection node, the heat 

supply shall be halted. 

Partially based 

on Table 2 

(Finnish Energy 

2020) 

  The heat supply to the DH 

network shall be halted if the 

promised supply temperature 

cannot be achieved. 

Partially based 

on Table 6 

(Sirola & 

Tiitinen 2018) 
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Type/device Functionality Interface requirements Information 

source 

 Process safety Violation of pressure 

requirement upper or lower 

limits as stated in Table 2 

shall lead to halting of the heat 

supply. 

Partially based 

on Table 2 

(Finnish Energy 

2020) 

 Substation measurements Supply of heat to the DH 

network shall be halted if 

critical measurements from 

the system stated in Table 11 

fail. 

Partially based 

on Table 11 

(Finnish Energy 

2008) 

Building 

automation system 

Communication with the district 

heating control system 

If the heat supply is halted, the 

building automation system 

should inform the district 

heating control system. 

Partially based 

on Table 9 

(Pöyry 2016; 

Sirola & Tiitinen 

2018)  

 

Aside from issues with temperature and pressure limits, there are problems such as 

leakages, heat exchanger fouling, and valve or pump malfunctioning. Leakages and heat 

exchanger fouling can be seen by observing the thermal load pattern. These kinds of 

issues cause an increase in the DH return temperature. Minor valve leakages and heat 

exchanger fouling are unwanted, but they do not necessarily require any action. However, 

they should be inspected on a case-by-case basis. Malfunction of valves or pumps does, 

however, affect process safety as they are used for controlling the directions in which the 

fluids move. In particular, the malfunction of pumps that ensure that the pressure is high 

enough for the fluid to enter the supply line are important for the substation as heat supply 

is not possible otherwise. These kinds of malfunctions should be fixed as soon as possible. 

The requirements for how to act in case of abnormal conditions are given in Table 15. 
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6.3 Heat pumps 

In this use case, heat pumps are integrated into the system in a way that they can support 

the electricity grid. As stated before, there are many ways that heat pumps could be 

operated to assist the electricity grid. However, in this work, heat pumps are integrated as 

heat-to-power technology to be used in a price-focussed manner in heat generation and to 

reduce RES curtailment. 

The building heating system considered in this section is like the one considered in 

Section 6.1. However, this time the heat source is replaced by an EAHP. Similarly, the 

heat received from the EAHP is used primarily for DHW preparation and space heating. 

The building is also connected to DH, which can be used for heating purposes when the 

price of electricity is high. Surplus heat generation can be supplied to the district heating 

network utilizing a two-way connection. A building automation system is used to control 

the heat pump operations and connect the DH system operators and the residential 

building.  

Supply of heat energy will be done in a similar manner as for solar collector systems. 

Therefore, solar collector requirements (Tables 2–15) also work as a base for these 

integration procedures. However, there are several other requirements related to heat 

pump integration aside from DH integration. The requirements identified in this thesis for 

utilizing heat pumps in heat production are listed in Table 16.  

Table 16. Requirements for heat production utilizing EAHP.  

Type/device Functionality Interface requirements Information source 

Ventilation Exhaust air removal 

from the building to 

the heat pump 

Ventilation system should be 

able to circulate 50% of the 

total air volume of the 

building in an hour. 

SULPU 2021 

Heat pump Heat production A heat pump shall be able to 

produce heat for DHW and 

space heating purposes.  

Motiva 2021a 
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Type/device Functionality Interface requirements Information source 

  A heat pump should be able 

to increase the temperature 

of hot water to the DH 

supply side levels.  

Partially based on Table 6 

Heat pump 

refrigerant 

Heat exchange The refrigerant chosen 

should have low GWP. 

WSP 2018 

  The refrigerant should be 

able to achieve high COP 

values when extracting heat 

from the exhaust air. 

Partially based on Boahen 

et al. 2016 

    

 

The primary function of the heat pump is to produce DHW and space heating for the 

building. Therefore, the heat quality from the EAHP should be high enough to cover the 

need for DHW and space heating at minimum. For efficient power-to-heat conversion, it 

would be preferable if the EAHP were able to provide high enough temperatures for the 

heat to be injected into DH networks.  

As the heat pump extracts heat from exhaust air, there are requirements for the exhaust 

air flow. For the EAHP to work optimally, the building ventilation system should be able 

to circulate 50% of the building air volume in an hour. This ensures stable heat extraction 

from the exhaust air into the building heating systems. (SULPU 2021)  

Regarding the refrigerant cycles used in the EAHP, the cycles should be able to achieve 

high COP values for the whole temperature range. This could be achieved by cascading 

refrigerant cycles to widen the temperature range, for example (Boahen et al. 2016). The 

refrigerant should also be chosen so the global warming potential (GWP) can be 

minimized whenever possible. 

Aggregation will also occur in a similar manner to solar collectors. Requirements for 

system aggregation (Table 10) apply to heat generation with heat pumps in a similar way. 
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However, as the heat generation is based on electricity usage, heat energy is available at 

any time of the day, as opposed to solar collectors where heat energy is only available 

during the daytime. The additional requirements identified during the thesis work for 

system aggregation when heat pump systems are concerned are presented in Table 17. 

Table 17. Integration requirements for heat pump usage. 

Type/device Functionality Interface requirements Information 

source 

Heat pump Heat production The prosumer should be able to 

produce heat for their own use at 

will. 

Partially based on 

Motiva 2021a 

DH company System aggregation Consumed electricity shall be 

considered when aggregating energy 

sources.   

Partially based on 

Table 10 

Building 

automation 

system 

Heat production for DH 

purposes 

The DH company should be able to 

utilize consumers’ decentralized 

heat pumps to produce heat for the 

DH network when needed.  

Partially based on 

Table 10 

 

As the prosumers are the owners of the EAHPs, they can produce heat for their own use 

however they want. If the building is also connected to a DH network, the prosumers have 

a choice whether to use heat from the DH network or self-generate the heat for their own 

needs. From the prosumers’ perspective, it is naturally the most beneficial to choose the 

cheapest heating method for them.  

Regarding system aggregation, electricity consumption during heat generation should be 

taken into account. This can have both a positive and negative effect on heat prices. This 

is because the electricity prices can turn negative when there is a lot of inflexible 

generation in the power system and low electricity demand. On the other hand, when there 

is a lot of demand for electricity and the electricity prices are high, heat from the district 

heating network should be the primary method for heating.  
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Similarly to the solar collector case, this integration requires communication between the 

building automation system (Table 12) that controls the energy appliances, the DH 

company and the heat pump itself. The building automation system should be able to 

control the system autonomously based on the information available in the residential 

building and information received from the aggregation centre. The requirements 

determined for the control system for heat pump integration are listed in Table 18.  

Table 18. Requirements for the control system.  

Type/device Functionality Interface requirements Information source 

Building 

control system 

Heat pump control The building automation system 

shall be able to control the heat 

pump operation. 

Partially based on Table 

12 

  The heat pump shall be able to 

receive commands from the 

building automation system. 

Partially based on Table 

12 

 Heat pump usage The building automation system 

shall be able to change between 

heat sources based on the 

information received from the DH 

company. 

Partially based on Table 

9  

 

However, attention should be paid when supplying heat to the district heating networks 

that the system is also able to take care of the needs of the building itself. There should 

always be enough heat for DHW preparation and space heating purposes. This can be 

secured, for example by using heat storage systems. The requirements identified for 

securing the energy supply are presented in Table 19.   
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Table 19. Requirements for securing energy supply (Sirola & Tiitinen 2018). 

Type/device Functionality Interface requirements Information 

source 

DH substation 

control 

Heat supply to DH networks Supply of energy shall always 

be secured. 

Based on Sirola & 

Tiitinen 2018 

  There should always be enough 

heat for DHW preparation and 

space heating. 

Table 16 

 

There are some exceptions when there is not necessarily a need to have enough heat for 

DHW preparation and space heating. An examples of these kinds of conditions is when 

the building is empty. Therefore, there is no use for DHW and effective space heating. 

However, this requires that the building has a control setting for situations where there 

are no residents in the building. In situations like these, the building heat generation 

equipment could be used to generate heat for district heating purposes.  

Poor installation or faults in heat pump systems may lead to reduced heat pump 

performance. In terms of EAHPs, the most common faults include issues with the heat 

pump control or electronics. These kinds of faults include any kind of malfunction of the 

control unit or electrical equipment. Heat pumps contain a lot of electrical equipment that 

can suffer a failure, such as motor and overcurrent protective relays, displays etc. Short 

circuits and printed circuit board faults are also a possibility. (Madani & Roccatello 2014) 

Aside from control and electrical failures, malfunctioning of the shunt valve and failure 

of temperature sensors are the most common failures in EAHPs. The shunt valve is 

responsible for the heat supply regulation in a heat pump.  Faulty sensors, on the other 

hand, may lead to ice formation on the evaporator, which may break the heat pump fan. 

Other possible faults include refrigerant leakage and compressor faults. Refrigerant 

leakage is not a very common problem in EAHP systems but rather expensive to fix. 

Having enough refrigerant is crucial for the heat pump to work optimally. The 

requirements for actions to take in abnormal conditions in a heat pump are listed in Table 

20. (Madani & Roccatello 2014) 
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Table 20. Requirements for heat pump abnormal conditions. 

Type/device Functionality Interface requirements Information 

source 

Building 

automation 

system 

Heat pump control If proper temperature levels cannot 

be achieved by the heat pump, the 

heat production shall be halted. 

Partially based 

on Table 19 

Heat pump Fault alert If the heat pump is equipped with 

protective sensors or fault detection 

equipment, they should alert the 

building control system when 

triggered. 

Partially based 

on Madani & 

Roccatello 2014 

 

There are a great number of components that can cause issues in heat pump systems. 

However, from a system perspective, the most important qualities are that the system is 

safe, and that the heat pump provides the system with heat energy. Similarly to the solar 

collector requirements, if the heat pump system is not able to fulfil the requirements stated 

in this document at any point during its lifetime, the heat production should be halted until 

the requirements are met again.  
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7 DISCUSSION 

The energy integration requirements in this thesis were obtained through the requirement 

specification process described in Chapter 5. The specifications are useful to keep people 

up to date with a project, without explicitly going into detail. The requirement 

specification process is an efficient way of generating preliminary integration procedures. 

However, not many requirement specifications are made that are directly related to energy 

device integration. Even on a larger scale, this kind of requirement specification 

application is rare. Most of the work regarding requirement specifications is related to the 

software industry. This made finding source material to be used in this kind of work more 

difficult. However, this work could not have been done utilizing different methods, 

without providing too strict requirements or solutions that would have little use in general 

terms.    

The majority of the articles related to the integration of energy devices into district heating 

networks assess the potential of integrating a specific type of energy device. In such 

articles, the assessment was made by simulating the operating conditions. However, these 

kinds of studies only assess the possibility of integrating an energy device in a specific 

location. As the district heating network is constantly changing in terms of operating 

conditions and location, the models created may not apply when the location of the energy 

device is changed within the network. Therefore, the requirement specification process 

seemed like a good option to utilize in this work, as the purpose was to create integration 

procedures that could be applied regardless of where the energy device is in the network.  

On the other hand, the characteristic of a requirement specification means that some 

factors may be left open, as the requirements do not provide accurate instructions on how 

to integrate energy devices. Therefore, a lot of the responsibility is left to the system 

designer to make sure that the devices work optimally in the system. 

7.1 Reliability assessment of requirement specifications  

These integration procedures have limitations. The procedures presented in this thesis are 

based on theoretical considerations alone. No models or experiments have been created 

to validate these requirements. Hence, when put into practice, additional requirements 

beyond this document may occur. Little attention was paid to the working principles of 
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the energy devices, i.e. the collectors themselves. Only possible energy device integration 

into a two-way district heating network was considered. Therefore, it could be possible 

for any heat source that can fulfil these requirements to replace the solar thermal 

collectors. Aside from these limitations, the requirement specification drafted is based on 

Figure 19 in Chapter 5.  

In this section, the reliability of the references is assessed, namely the information sources 

utilized in this requirement specification. It is important to assess the reliability of the 

information used in specifications, because the requirement specification is only as good 

as the information used to generate it. There are many indicators when it comes to 

assessing the reliability of the information sources. These indicators include the reliability 

of the sources, temporal differences and geographical differences. The reliability of 

sources indicator directly assesses the source where the information originated. The origin 

could be scientific articles, reports made by professional entities or websites, for example. 

The geographical differences indicator assesses how relevant the information source is to 

the study. Temporal difference, on the other hand, assesses the time differences between 

the information used in the specifications. (Zampori et al. 2016) 

The assessment was divided into three groups of information sources related to solar 

collectors, the Energy Internet or heat pumps. Information sources about solar collectors 

and heat pumps include documents that consider the integration of these devices into DH 

networks. Documents regarding waste heat integration were considered for both solar 

collectors and heat pump groups.  The Energy Internet category includes any document 

that is related to Energy Internet integration or IoT systems in general. The reliability 

assessment for the requirement specification is shown in Table 21. The indicators are 

rated from one to five, where a quality rating of one means that the information source 

meets the requirements of the indicator very well and can be considered reliable. On the 

other end of the scale, a five means that the requirements of the indicator are fulfilled 

poorly, with a lot of improvement necessary.  
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Table 21.  Reliability assessment of the information used in the specifications.  

Indicator Assessment Solar 

Thermal 

Energy 

internet 

Heat 

Pump 

Reliability of 

sources 

The majority of the information used in this 

requirement specification originated from documents 

from district heating companies, or publications from 

organizations that represent energy companies. 

Information related to communications integration is 

largely based on scientific articles.  

1 2 3 

Sample size Assessment of the number of information sources used 

in the specification.  

3 3 3 

Temporal 

differences 

Most of the information used in the requirement 

specification was quite new, with less than three years 

of difference. A few articles were older than three 

years, but more recent than six years. One report was 

more than 10 years old, but more recent than 16 years.  

2 2 2 

Technological 

differences 

The majority of the information related to the physical 

integration of energy devices originated from similar 

studies or reports related to similar integration into 

district heating networks. Information related to the 

functioning of communications was not related to 

district heating networks only but smart energy 

networks in general or the functioning of IoT systems.  

1 3 4 

Geological 

differences 

The majority of the information is about similar 

systems located in Finland.  

1 3 2 

Overall score  1.6 2.6 2.8 

 

The overall score of the information used on solar collector integration is 1.6, which 

means that the nature of the data sources used match this work well. This is a logical 

result since the information sources were related to waste or surplus heat integration into 

the Finnish district heating system. Most of the sources are relatively new, and made by 
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Finnish energy companies or their representatives. Therefore, it can be said that the 

information used matches Finnish energy systems well.  

The information sources used for generating the Energy Internet requirements attained a 

score of 2.6, which means that they match this specification reasonably well. The 

information is new, but it is generally based on scientific articles only. Also, the articles 

used in this document were published abroad, which lowers the scoring, as there exists a 

geographical barrier. The result is somewhat expected, because the integration of IoT into 

energy systems is quite a new topic considering the age of the power and district heating 

networks.  

Information sources related to heat pump integration received a score of 2.8, which means 

that the sources are a fair fit to this specification. This is an expected result, as there is 

little information available regarding this type of heat pump usage. However, as the 

supply of heat to the DH network was already covered in the solar collector chapter, this 

did not form a major issue in the specification. However, the majority of the information 

used in the heat pump chapter originated from various Finnish companies working on 

heat pumps and energy in general, but not from official reports or articles, which lowered 

the score significantly.  

Aside from assessing the reliability of the information sources used in the requirement 

specification, the accuracy of the requirement specification has also been assessed. The 

indicators for assessing the requirement specification accuracy include completeness, 

correctness, quality attributes, organizational and traceability, and any other issues. 

Regarding the completeness of the specification, there may be some possible 

requirements missing that are related to different stakeholders in the system. This is a 

result of the specification being based on only theoretical considerations. Elicitation 

interviews would be a good way to explore new requirements. However, this was not 

done in this requirement specification.  

Requirements may especially be missing regarding possible errors in the system. The 

basic safety and usability requirements are specified in the document. However, being 

such a complex system with multiple integration possibilities, there may be unknown 

errors that may occur depending on the design.    
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In some cases, the requirements were difficult to define accurately for some reason. This 

information is marked ‘to be determined’ (TBD). Requirements that are marked TBD are 

typically requirements that operate in conditions that constantly change or there simply 

is no information available about the correct value for this specification.  

The requirements are prioritized within the tables. The requirements are grouped, based 

on the technology or feature they are related to.  The first requirement in a table has top 

priority over other requirements in the same table. This type of prioritization was chosen 

because it eases the readability of the document in this case. This kind of prioritization is 

also the reason why there are no labels for each requirement in this document. They would 

be unnecessary as all the requirements that are related to the same equipment or function 

are in the same table. However, each requirement includes a reference. The reference was 

added to increase the traceability of the specification. The reference in the specification 

means that the requirement was devised based on the information received from the target 

reference. This does not necessarily mean that the target reference document explicitly 

states the requirement. The reference could be from a completely different system, but 

the same idea or concept should be applied when integrating energy devices. This is 

usually the case with requirements that are related to Energy Internet integration for 

example. The majority of the references related to Energy Internet integration excluded 

district heating networks specifically, but the same principles are applied to this work.  

Regarding the correctness of the specification, most requirements in this document are 

verifiable through testing. This is an important quality in specifications. All requirements 

should be able to be verified through testing or other analytic methods, so that the correct 

functioning of the planned system can be ensured. However, as there are some 

requirements that could not be accurately measured, these requirements are difficult to 

verify. In these cases, the requirement can be fulfilled if the device that the requirement 

considers functions correctly and does not produce a bottleneck in the system. Also, the 

requirements in this document should also be easy to complete technically. All these 

requirements contain features that already exist in some form in other systems.  

Other considerations for this specification include the business rules. The business 

requirements may have a significant influence on the requirement specifications. There 

is little use for a requirement specification unless it is feasible to implement the system 
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from a business perspective. However, the business considerations were beyond the scope 

of this work.  

7.2 Applicability of the requirement specifications 

The operating temperature of the DH network has a strong influence on the usability of 

the energy devices for distributed generation. Considering that the current DH networks 

operate between 65 °C and 115 °C, the upper limit can be difficult to reach solely by solar 

thermal collectors outside summer periods. This would mean that solar collectors could 

only supply heat to district heating networks during the warmest season of the year. On 

the other hand, the demand for heat energy is also lower during the summer than in winter. 

As the operating temperature is dependent on the outside temperature, the integration of 

energy devices is also easier during the summer.  

 Heat pumps also face a similar problem. The EAHP should be able to increase the 

temperature of hot water from 20 °C to DH operating temperatures. Such temperature 

ranges can be difficult to achieve with a decent COP with current operating temperatures. 

However, the usage of a high-temperature heat pump or cascading the heat pump cycles 

could be an option to increase the operation range.  

Both solar collector systems and heat pump systems could be utilized more for distributed 

generation by decreasing the temperature in the DH network. Solar collector systems 

would have more heat energy available to supply to DH annually due to a lower 

temperature at the connection node. Heat pumps, on the other hand, would reach 

significantly higher COP ratios as the temperature range would be much lower.  

Regarding supplying heat to DH networks, securing the supply of prosumer heat energy 

may prove to be a problem during the supply of heat to DH networks. This is because the 

substation connections are supplied with only one supply and one return DH pipeline, 

which is why heat cannot be supplied and extracted at the same time. This could be a 

problem in situations where heat is being supplied to district heating networks and the 

heat consumption of the building suddenly increases. A solution for this problem would 

size the heat source in a way that it would be able to fulfil the heat demand of the building 

and be able to supply surplus heat to the district heating network at the same time. 

Alternatively, new pipelines could be built to enable heat extraction and supply at the 
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same time. However, this would increase the integration cost significantly for a small, 

situational benefit.  

Heat could be supplied to district heating networks in three different ways. The first is by 

supplying the heat to the DH return water and then pumping the water back to the DH 

supply line. Other possibilities include supplying heat directly to the supply or return pipe. 

The option of supplying heat to the return water and then returning it to the supply line 

was chosen in this work because it is more efficient to heat the DH working fluid while 

it is at a relatively low temperature. In this way, the heat can also be utilized as close to 

the generation site as possible when pumped straight to the supply line, which increases 

the efficiency of DH. Supplying heat straight to the DH supply line is not as efficient as 

supplying it to the return water, as the temperature difference in the heat exchanger is not 

as high. However, supplying heat directly to the DH return water could be a possibility. 

Supply to the return pipe makes sense in situations where the heat quality is not good 

enough to be fed into the supply pipe.  This will have unwanted effects on thermal power 

stations as the water that returns is warmer, which decreases the plant efficiency. This 

could possibly be prevented, however, by smart usage of heat pumps near the power 

stations, provided that the supplied heat is extracted from the return pipe by heat pumps. 

Alternatively, as the return stream is quite warm, it could provide a good heat source for 

heat pumps to be used for DHW and space heating in residential buildings.  

Another important factor to consider is the communications between the prosumer and 

the district heating company. This sort of integration requires strong communication 

structures between the prosumer, DH company and energy markets. In terms of the 

integration strategy, a centralized control strategy was chosen. This is because there are 

currently only a few solar and heat pump devices integrated into the system in this way. 

A centralized control strategy is easier to execute and the DH company is in direct control 

of the energy assets in the system. However, this could potentially change when the 

number of energy devices increases in the system. A larger amount of distributed heat 

generation will require more decentralized control and potentially edge computing to 

avoid network congestion. Also, it would be more difficult to control such a large amount 

of energy assets accurately in a centralized way due to the number of devices in the 

system.  
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Communication is not only important from the technical aspects. For the system to work, 

there should be strong communication between the prosumer, DH company and energy 

markets. Price information is important so that the system aggregation can be 

implemented transparently and accurately. There is a possibility to produce heat with 

fixed pricing as well. In this case, the DH company and prosumer should make a contract 

which benefits both parties.  However, dynamic pricing should be the preferred option 

for energy trading. 
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8 CONCLUSIONS 

Integration procedures for solar thermal collectors and EAHPs were gathered through the 

requirement specification process. The process yielded 82 requirements related to the 

integration of these devices. The goal of this Master’s thesis work was to provide easily 

scalable procedures that could be utilized regardless where the energy devices are located 

in the DH network.  

8.1 Answers to the research questions 

The first research question addressed how energy devices should be integrated into the 

energy network. The major focus of the drafted requirement specification was to answer 

this question. Solar thermal collectors were chosen for this work because past research 

on this kind of integration is scarce. Heat pumps, on the other hand, provide energy- 

efficient power-to-heat conversion, which is why they were chosen for this work. They 

also have the potential to support the power system, increasing the possible synergy 

between energy networks. This research question was answered extensively from the 

integration perspective, meaning that only the integration of these devices was 

considered. Little attention was given to the working principles of these energy devices. 

In general, the energy devices should be integrated in a way that they are able to feed heat 

into the building heating system. From there, the surplus heat can be supplied into DH 

networks safely utilizing a two-way substation connection.  

The second research question considered how communications should be arranged with 

the optimization system. This research question was considered in the requirement 

specification. The communication should be arranged in centralized manner when the 

amount of energy devices in the network is small. Once the amount of energy devices in 

the network increases, decentralized control methods should be considered. This research 

question leaves more responsibility to the system designer compared to the first one. This 

is because there are multiple communications protocols that could be chosen from and 

more possible design options how the communications could be arranged.  

The last research question was to consider how to balance the goals of the different 

partners in the system. This question was not given as much attention as the other two 

research questions. This question was partially answered in terms of system aggregation. 
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However, there is a lot of depth to this research question. Possible consideration could be 

given to different business models, or who is responsible for different areas of integration, 

the boundaries between the prosumer and the DH company and so on.  

8.2 Further considerations 

As stated in the requirements, the DH company oversees the aggregation of the heat 

supply to DH networks. However, this may prove to be a difficult task for a single entity 

to handle, once the amount of energy devices integrated into the DH network increases. 

At some point, alternative decentralized aggregation strategies should be considered.  

The aggregation could also be handled by a local automation system or edge computing 

systems. Edge computing systems could gather data from the local energy devices and 

the state of the DH network. Based on the available data and conditions, an edge system 

could find the optimal aggregation solution at local level. This would reduce the amount 

of network traffic significantly as most of the computational work is done at the local 

level, and the data does not necessarily have to be transferred to the DH operating centre.  

Utilization of edge computing could go further than only managing aggregation at the 

local level. Edge computing could be used to optimize the whole energy mix, covering 

more than just district heating aggregation. Edge computing systems could be utilized to 

optimize the whole energy balance at the local level, including electricity.  

Regarding the usage of heat pumps, priming could be utilized when the heat quality 

provided by solar collectors is not good enough. In cases like this, the heat provided by 

solar collectors would go to waste otherwise, as it cannot be consumed locally nor fed 

into the DH network.  The temperature of hot water could be increased by utilizing the 

heat pump to the correct temperature level and fed into the DH network as usual.  

Utilization of heat pumps would be especially useful during the winter, when the 

temperature received from solar collectors is low compared to summer but the heating 

demand high. Supplementing solar collectors with heat pumps can also potentially 

increase the time of use of these energy devices, as the heat from the solar collectors can 

be utilized more effectively for example during evenings when there is some heat energy 

available but not enough to be utilized without a heat pump. Alternatively, priming with 
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heat pumps can also be used in cases where there is a high thermal load in the building, 

but solar collectors are not able to provide enough heat.  

Concerning other grid support features that the heat pumps could provide, the pooling of 

heat pumps to be used as frequency control could be a possibility. Heat pump pooling 

means that a considerable number of heat pumps at different locations are collected into 

a “pool” to be operated in a similar manner. Heat pump pooling could potentially provide 

a reasonable amount of frequency containment reserve for the power system by shifting 

their energy consumption. However, the supply of energy should be secured in all 

locations which participate in the containment reserve. This means that the heat consumer 

utilizing a heat pump for heat generation should have a flexible enough consumption 

pattern or alternative, flexible heat generation. This could be achieved by utilizing both 

DH and heat pumps for heat generation. For example, whenever the heat pump in the 

building is used for frequency control purposes, the building should utilize heat from the 

district heating network. This works in a similar manner as the utilization of heat pumps 

for reducing curtailment, except that heat pumps support electrical frequency rather than 

curtailment. This should relieve the stress on the electricity network but increase the 

overall heat consumption of the DH networks.  
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9 SUMMARY 

The current energy systems are being transformed into so-called smart energy systems. 

This can be observed as a change from the conventional centralized delivery chain into a 

more decentralized structure. Decentralization means that the energy system is becoming 

increasingly complex, which may complicate energy device integration.   

The proper integration of energy devices into the energy network is vital for the optimal 

performance of the whole system. However, there are many ways how the energy devices 

could be integrated into the energy networks. In this work, integration procedures for 

solar collectors and heat pumps were identified utilizing a requirement specification 

process. These energy devices were chosen for this work because there is considerably 

more knowledge on the integration of other energy devices available in the literature. The 

integration procedures were made with integration into district heating primarily in mind. 

The purpose was to provide easily scalable procedures which the system designer can use 

as a foundation during design work. Each individual installation is potentially different 

and may operate in different conditions, which is why each new installation should be 

considered individually.  

Aside from providing energy device integration procedures, the other purpose of this 

thesis was to consider how the communications should be arranged in the system. The 

results were that the communications can be arranged in a centralized manner when the 

number of energy devices in the network is low. Once the number of energy devices in 

the system increases, the control strategy should shift towards a decentralized control 

structure. In both cases, the buildings in which energy devices are integrated should be 

controlled as independently as possible to reduce the traffic in the communications 

network to the maximum extent.  

The balance of the goals between different partners was considered from the aggregation 

perspective. However, considering integration into the current systems, the 

straightforward solution is to have the district heating company handle the operational 

balancing of the connected energy devices. When the amount of energy devices in the 

district heating network increases, decentralized balancing methods could be considered.  
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