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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

The 4th Generation of District Heating (4GDH) is a complex agglomeration of heat providers, distributors, and consumers that 
must be automatically, continuously managed and coordinated. It is a complex system of systems; a definition which we align to 
Maier’s architecting principles for systems-of-systems as collaborative systems. Wrapped in the idea of system of systems is the 
reality that the 4GDH systems’ descriptions and specifications are not currently all known. Nonetheless, the transition into the 
4GDH is actual. We propose the use of two frameworks to secure a smooth metamorphosis and assure systems’ operation, 
maintenance, and evolution. The two frameworks are the Arrowhead Framework and the OPTi Framework. The first one enables 
system integration through Service Oriented Architecture (SOA) and the second one offers the overall system optimization with
respect to all stakeholders. This paper uses the Model Based Systems Engineering (MBSE) tool SysML to model a district 
heating complex’s structures and behaviors from the concept level down to the sensors and actuators within a district heating
substation where we apply the SOA technology based on the open Arrowhead Framework. We focus on the Arrowhead 
Framework’s core services, i.e. Service Registry, Authorization and Orchestration to clearly describe the interactions between the 
different service providers and consumers. Going back up from the sensors to the systems, it is clear that SOA is the architecture 
that will empower the 4GDH.
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1. Introduction

District Heating is a common sense concept that becomes progressively more evident as one reflects on it. It is a 
centralize production of heat energy that is stored in a fluid and distributed through a network to different buildings 
within a district. It is a resourceful idea because the centralized production is more efficient than several distributed 
small ones as long as the distribution losses are small [1]. The concept becomes even more indisputable when the 
heat energy is a byproduct of an industrial process. For example, a paper mill, which produces paper, can sell off its 
incidental heat. Another great example is the Combined Heat and Power (CHP) that produces electricity from 
burning refuse and simultaneously heats buildings and associated domestic hot water. This is a win-win solution for 
all, including the environment. And yet, it can further be improved.

In its Energy Roadmap 2050, the European Union has set itself the impressive long-term goal of reducing 
greenhouse gas emissions by 80-95% as compared to 1990 levels by 2050. In its commitment to reach that goal, it 
has considered different scenarios and their impacts. Connollly et al. assert that increased use of district heating in 
Europe supports the goals of the roadmap at a lower cost [2]. This continued use of district heating is accompanied 
with its normal evolution, which brings it to its fourth generation.

Lund et al. present an excellent review of the four generations of district heating and of the European Union’s 
energy roadmap leading to the fourth generation [3]. They describe the trends over the generations: increase in 
energy efficiency, decrease in temperature of the supplied transport medium and an increasing complexity in 
stakeholders. The first generations period was from about 1880 to 1930 with transport medium temperatures below 
200°C. The second generation from 1930 to 1980 with temperatures greater than 100°C and third from 1980 to 2020
with temperatures less than 100°C. The fourth generation should span from 2020 to 2050 with temperatures less than 
70°C. The complexity increase includes an increase of different producers, which at some time might be heat 
consumers, as well as the daily variations of heat demand.

To address this increase in complexity and aim for its harmonious operation, it becomes essential to understand 
the district heating system. The 4GDH is made up of several heat production systems, distribution systems, and 
consumer systems. Each of them with their own set of sub-systems. The natural temptation is to designate the district 
heating concept as a system of systems, but the Maier argues that it might be a misclassification [4]. According to 
Maier’s tenets, an equivalent term to system of systems would be “collaborative systems” where the sub-systems 
fulfill valid purposes in their own rights and continue to operate to fulfill those purposes if disassembled from the 
overall system. Additionally, the sub-systems must be managed (at least in part) for their own purposes rather than 
the purposes of the whole. Aligning to these views, serves not only the sub-systems, but also 4GDH and forms the 
point of the herewith article. Especially true when the implementation specifications of the 4GDH do not yet exist. 
This leads Maier to state that systems-of-systems are largely defined by their interface standards rather than their 
structures. He points to the Internet as a good example of collaborative systems. It is that same technology that is 
used here to define the interface standard of the proposed solution. This enables new emerging behaviors to surface 
up as the 4GDH becomes mature because the services within the architecture are loosely coupled and therefore late 
binding.

This article presents a systems architecture for the 4GDH knowing that the systems specifications will not all be 
complete for a long time. This plan of action relies on two frameworks and their related interfaces: the Arrowhead 
Framework and the OPTi Framework. The OPTi Framework offers a simulation platform for different components 
of the DH systems that can includes the components of the 4GDH, which enables the optimization of the 4GDH’s 
dynamics. The Arrowhead Framework enables system integration and collaboration through Service Oriented 
Architecture (SOA). We use Model Based System Engineering (MBSE) to convey how this is implemented in a 
structural and behavioral sense.

The structure of the article presents the two frameworks before turning to models of district heating enhanced 
with SOA. The models are based on uses the MBSE tool SysML. The models describe district heating’s structures at 
the concept level down to the sensors and actuators within a district heating substation where we apply the SOA 
technology based on the open source Arrowhead Framework. The models additionally describe the behavior of the 
system with focus on service discovery, authorization, and orchestration at the lowest level to clearly demonstrate 
the mechanisms involved prior to scaling back up to the whole system of systems in which the OPTi Framework is 
an integral part.

© 2017 The Authors. Published by Elsevier Ltd.
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2. The Frameworks

If systems are expected to be independent, and yet be collaborative to form a system of systems, they must 
somehow find a benefit to co-operate. The OPTi Framework addresses the yearning for collaboration, and the 
Arrowhead Framework addresses the service oriented architecture to make the collaboration possible. 
Coincidentally, the OPTi Framework can provide services within the Arrowhead Framework. This is possible 
because they both have well defined interfaces.

2.1. The OPTi Framework

The OPTi Framework is the product of the European Union Horizon 2020 project OPTi, which aims to deliver the 
tools to optimize district heating and cooling with full consideration of the end customers [5]. In other words, the 
framework is a suite of tools that offers solutions in which all stakeholders benefit. This key concept is what drives 
the systems to be inclined to collaborate. The benefits include saving natural resources, assuring comfort, increasing 
profits and running cost reductions. One of these tools is the scalable simulation tool OPTi Sim, cf. figure 1. It 
considers production, distribution, consumption, end consumers, and economics. It is also a system of systems as 
each sub-simulation is independent and communicates through a co-simulation router. The communication interface 
follows a clear standard: the open interface standard FMI (Functional Mock-up Interface) [6]. It is an independent 
standard that supports both model exchange and co-simulation of dynamic models using a combination of xml-files 
and compiled C-code. This permits each simulation tool to be developed and refined independently.

Fig. 1. a block diagram depicting OPTi Sim with its different simulation engines.

One example being addressed is the daily peak loads as demand for domestic hot water increases in the morning 
before work and at dinner time. The planning of production and distribution must be done; and a good optimization 
should use also the buildings thermal capacitance to save resources while striving for end customer comfort. With an 
increase of heterogeneous heat suppliers, the complexity of the task becomes even more challenging. Collaborative 
simulation for planning will be evermore essential for the 4GDH.

Having clarified why the systems would want to collaborate, it becomes interesting to understand how they could 
interact with each other.

4 Author name / Energy Procedia 00 (2017) 000–000

2.2. The Arrowhead Framework

The open source Arrowhead Framework is the product of another European Union project [7]. The project’s 
vision has been to enable collaborative automation by networked embedded devices. Its grand challenges were to 
enable the interoperability and interchangeability of services provided by almost any device. This has been done by 
offering services established on the Internet Protocol Suite, which is a proven technology. It reflects the paradigm of 
a person, i.e., service consumer, using a web browser to address a service provider, e.g., a search engine or a bank, to 
obtain information. The different software modules at the service providers and consumers can be updated at any 
time without affecting the others as they are loosely coupled. Available services are recorded in a register database 
and designated to service consumers by an orchestration when they are needed. What is clearly defined are the 
interface protocols themselves. Adhering to them simplifies development and insures quality.

The Arrowhead Framework proposes an assortment of services, in the form of software modules, of which three 
are core services. The core services are the Service Registry, Authorization and Orchestration. We describe how they 
interact within a district heating substation in the next section. Of the many other service modules, worth mentioning 
are the Historian, the Gate Keeper, and the Translator, although we do not involve them here [8]-[10]. The Historian 
is a data logger, while the Gate Keeper is a secure interface to the outside Internet world. The Translator is a service 
provider that intervenes when different component suppliers have chosen different Internet protocols, which could 
hinder collaboration due to dialects [11].

To elucidate how these core services are used in district heating, we employ systems engineering models.

3. Structural and behavioral models

A short definition of Systems Engineering is: “Systems engineering is a methodical, disciplined approach for the 
design, realization, technical management, operations, and retirement of a system” [12]. As systems become more 
complex, consistent approaches and tools are needed to manage the complexity as well as to communicate with all 
stakeholders. One such approach is to use models, which is referred to as Model Based Systems Engineering. 
Associated to this, one finds the modeling tool SySML, System Modeling Language. It is an offshoot of the Unified 
Modeling Language (UML) that was developed during the early 1990’s and later adopted as a standard by the Object 
Management Group [13]. SysML uses different diagrams to represent different aspects of a system. The 
classification of its taxonomy of diagrams forms three groups: structure, behavior, and requirement diagrams. We 
shall here use structural and behavioral diagrams.

Fig. 2. a block definition diagram (bdd) of a district heating system.
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3.1. DH structural models

We begin by looking of the structure of a third generation district heating in Sweden as depicted in figure 2, 
which is a SysML bock definition diagram (bdd). We find the three expected sub-blocks of production, distribution, 
and consumption. One block that is usually not mentioned is the system management part, although it is just as 
essential. When models are clearly drawn, they propel the discussion of what was not initially considered. The 
coordination of district heating, including the billing of end customers, does exist but is often omitted. Through 
modeling, it is also those omissions that we are additionally trying to capture without overwhelming the 
stakeholders. It is in the system management that we can find OPTi Sim.

One advantage of MBSE is to go deeper into a block to further one’s understanding when this is of interest. In the 
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To improve communication between the different components within the DH substation, we added tiny web
servers on several of them [14, 15]. Figure 4 shows a graphical model of a substation where the wireless servers are 
depicted with an “S”. The energy meter, the valve on the primary circuit to the space heating heat exchanger, the 

temperature sensor of the supply line to the radiators, the space heating circulation pump, and the outdoor 
temperature sensor each have their own web servers. Similar to a search engine or a bank web server, these little web 
servers offer services. For example, the outdoor web server measures temperature and offers a temperature service. 
Those tiny web servers are dubbed Mulles [16]. Figure 4 also has an access point or gateway, which is composed of 
a BeagleBone computer and a Mulle, as illustrated by the bdd in figure 5. The figure additionally shows the software 
modules of interest: the three core services, the gatekeeper service, and a district heating application. The DH
application is the service consumer that controls the valve on the primary circuit to the space heating heat 
exchangers based on outdoor temperature and supply temperature to the radiators. There could also be other 
applications such as a building thermal analysis. One advantage with SOA is that these application modules can be 
developed after infrastructure deployment; this being an essential key to 4GDH. This exemplifies the ideas of 
loosely coupled modules and late binding. Being software modules, the services can exist on any servers in 
contingency to a gateway malfunction thereby avoiding a single point of failure, which typifies the system fault 
tolerance concepts. Having an idea about the structure of the system of systems down to a single wireless sensor 
server or service provider, a demonstration of how the system behaves is essential to begin to accept the SOA idea.

3.2. SOA in DH behavioral model

Among SysML’s behavior diagrams are the sequence diagrams with their “swim lanes” as depicted in figure 6. We 
begin with a simple service discovery sequence diagram to demonstrate how SOA functions. We then present a 

sequence diagram with all the three core services in a local cloud. Figure 6 shows the outdoor temperature server 
presenting its temperature service to the service registry. It does that by POSTing, using the World Wide Web’s 

Fig. 5. a district heating substation with a wireless sensor and actuator network, where each "S" is a tiny web server.

Figure 4. the gateway composed of a BeagleBone, a Mulle, the core services and system applications.
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representational state transfer (REST) style, the following message:
{

"name": "temperature-em219",
"type": "_temp-json-coap._udp",
"host": "[fdfd::df5:8c6a:5ca2:44a6]",
"port": 5683,
"properties": {

"property": [
{

"name": "version",
"value": "1.0"

},
{

"name": "path",
"value": "/temperature"

}
]

}
}

With this posting, the service provider system tells its name, its chosen communication semantic, and the path to 
the service it offers. Additional services would be listed in the property array. By default or from an installation 
update, the service provider knows to register its services at the gateway host (host address and port).

Returning to figure 6, the service registry then builds a database of available services from all possible providers. 
Arrowhead’s service registry is based on DNS-SD, which is an extension to DNS. DNS, domain name system, part 
of the Internet Protocol Suite’s application layer, provides the address at which a service is hosted. The service 
discovery extension, DNS-SD, provides the ability to discover services, which an application might want to use.

A service consumer, e.g., the DH application, then can ask the service registry for the desired service and receive 
back the address of the service provider with the path to the service of interest. The service consumer directly 
contacts the service provider whenever it wants the needed information, also referred to as “pulling”. The answer 
from the service provider is:
{

e: [{
"n":"urn:dev:mac:0024befffe804ff1",
"t":1425256855,
"u":"Cel",
"v":23.5

}]
}

with its name, the timestamp of measurement, along with the unit and measured value. Alternatively, after being 
requested by a consumer, the service provider could “push” an update at specific time interval or upon some agreed 
event. The Arrowhead Framework does not restrict pull and push behaviors.

Figure 6. sequence diagram of a service registry and discovery.
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With service discovery recounted, several natural questions surface up and include the following. What is the 
latency in the control loop? How is security assured both for privacy protection and against tampering? How are 
service selections sorted out in the case of multiple providers and how is a provider drop out handled? How is the 
connection to the Internet handled?

The Arrowhead project has addressed such questions by first defining local clouds. The service consumers do not 
interact with the service providers through a cloud far away, rather through a local cloud, e.g., the gateway. This 
assures the low latency necessary in control application and offers some security from the outside world. Additional 
security is handled by the authorization service, which could use certificates or tickets. Figure 7 shows the sequence 
diagram using the Arrowhead Framework core services. If the service provider is power constrained, it would prefer 
to receive an authorization ticket with a limited lifetime to communicate with a given consumer to avoid wasting 
power by obtaining an authorization at each request. The logic is that the consumer obtains a ticket from the 
authorization service, which it passes on to the service provider. The service provider then checks if it is valid with 
the authorization service and if so, then will communicate with the consumer for the lifetime of the ticket. 

The third core service proposed by the Arrowhead project is the Orchestration service. Its purpose is to give some 
“intelligence” in the selection of service provider or recommend an alternative provider when a specific one has 
dropped out. If the application itself is enhanced with this ability, it does not need the orchestration, but this would 
mean that the application is quite specific and not general, leaving the choice to a system architect. For example, if 
the outdoor sensor is offline, the orchestration service could infer the outside temperature from the heat meter’s 
primary supply temperature or go beyond the local cloud.
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The Arrowhead Framework has a collection of services such as the Gatekeeper to interact safely with the Internet 
or the Historian to log data. With service providers like the Gatekeeper, the Arrowhead Framework permits 
collaboration between local clouds to build a system of systems where the OPTi Framework entices collaboration as 
optimized performance benefit all stakeholders. The Gateway can then join other clouds, e.g., a district heating 

cloud, to provide and consume services in the same manner as is done in the local cloud. This notion ensures 
scalability of the systems; a concept the Internet has already proven. It also addresses possible failure points, e.g., if 
some parts of the communication network would be unreachable, the OPTi framework could, as a service, provide 
estimated values of the current state within the DH network. SOA, being based on the same architecture as the 
World Wide Web, empowers the transition in and evolution of the 4GDH with security and ease of maintenance.

4. CONCLUSION

Using MBSE and SysML, we have modeled a district heating’s structure and zoomed down into a substation. The 
substation incorporated very small wireless sensor and actuator nodes that were web servers offering services. Using 
SysML’s sequence diagrams, we have illustrated the message exchange between service providers and consumers in 
partnership with the Arrowhead Framework core services. The advantages with the Arrowhead Framework include 
properties such as loosely coupled modules (i.e. two SOA systems do not need to know about each other at design 
time to allow a runtime data exchange), late binding (i.e. the exchange of data between two systems is established at 

Figure 7. sequence diagram with all three mandatory core services.
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runtime), autonomy, pull and push behavior (i.e. data can be requested or sent without request upon predetermined 
conditions), several standardized SOA protocols, data structures, information semantics, and data encryption. As we 
zoom out from the district heating substation to the distribution network and production plants, we use the OPTi 
Framework to address scalable data management, macro and micro simulations, which can be applied to manage and 
optimize the 4GDH while we point to new collaborative and emerging behaviors of a system of systems. We 
contend that the use of these two frameworks support the transition into, as well as the growth of, the 4GDH.
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