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Abstract 
The district heating system (DHS) of Stockholm is one of the largest systems in the world with a total 
yearly production of 10TWh of heat and 2TWh of electricity (through combined heat and power 
plants). Large amounts of greenhouse gasses (GHG) are emitted to produce this heat and electricity. 
Given the goal of the City of Stockholm to reduce the amount of GHG emissions to 3 ton per capita in 
2015 and to keep reducing emissions at a similar rate after 2015, it is important to identify the 
potentials for further reductions. 
 
Numerous studies have been done on how the DHS can become more sustainable by installing new 
generation units. However, also the consumers have an influence on the DHS. After all, it are the 
consumers who decide when and how much heat or electricity they use. Most former studies and 
environmental guidelines for the DHS in Stockholm focussed on the producer side. 
 
This thesis looks at the consumer perspective of the (heat of the) district heating system. A real-time 
signal giving the greenhouse gas emissions of individual households is developed and its potential 
and challenges are discussed. With this signal, households that want to minimise their environmental 
impact have a tool to decrease their environmental impact by changing their consumption. This can 
be a first step to transform the DHS to a smart district heating system. 
 
First, generic models to calculate the dynamic greenhouse gas intensity of the heat production of 
district heating and to calculate the greenhouse gas emissions related to the heat consumption of 
households are suggested. Then the feedback signal with those real-time household emissions is 
calculated for representative households in Stockholm based on data of Stockholm’s DHS and data 
about hot tap water consumption in Sweden. Results indicate that variations in household level 
greenhouse gas emissions mostly reflect changes in consumption but can also result from changes by 
the producer. Intraday variations are mostly caused by changes in hot tap water consumption, while 
variations on a timescale of a few days are caused by changes in heating consumption (changing 
weather) and changes made by the producer (to use different fuels). 
 
Then several scenarios are calculated, each scenario looking at the actions a consumer can take to 
shift or reduce his/her consumption (decrease hot tap water usage, lower indoor temperature etc.). 
The real-time household emissions are calculated again to see if the signal gives the needed 
incentives (is the household rewarded for its effort? Does it get further incentives?). It was found 
that a strong time-incentive (to decrease consumption when it saves most emissions) is missing if the 
average perspective is used to calculate the emission intensity of the heat production. Also, the 
results confirmed the finding that the feedback signal might not reflect changes in consumption.  
 
Finally, challenges for the signal are discussed. One of the major hurdles is the fact that household 
consumption of heat (heating and hot tap water) can often not be measured on a household level. 
Thus, it has to be estimated but it seems very difficult to get this estimation accurate enough to give 
correct feedback to households, especially about the emissions saved by their efforts to reduce/shift 
their consumption. Secondly, the time resolution should be chosen well to still get accurate results 
but not make the signal to data-intensive. Finally, the result is heavily dependent on the chosen 
methodology (average or marginal perspective? Do you account for the electrical side of the DHS? 
How about the distribution losses? Etc.). 
 
Key words: real-time emission signal, smart district heating, greenhouse gas emissions, emission 
intensity, Stockholm 
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1. Introduction 
The IPCC1 (2013, pp. 17) found that “It is extremely likely that human influence has been the 
dominant cause of the observed warming since the mid-20th century”. This climate change strongly 
influences the global ecosystems. Cramer et al. (2001) simulated the effect of climate change on the 
global ecosystem and vegetation in particular. They found that the ability of vegetation to absorb CO2 
decreases with 0.3 to 6.6 Pg (Peta gram) of carbon per year and that climate change would affect the 
vegetation structure and the availability of fresh water. More, they found that once these changes 
are set in motion, it would be very difficult to stop them.  
 
Feldman et al. (2015) proved that so-called greenhouse gasses (GHG) influence the exchanges of heat 
between the earth and the space, thus leading to climate change and global warming (Feldman et al., 
2015). Therefore, reducing the emissions of such gasses is one of the most important aspects in 
mitigating climate change.  
 

1.1. Background 

1.1.1.  Description of district heating systems  

In district heating systems (DHS), heat is generated in large scale heat power plants. The heat is then 
distributed to consumers using hot water that flows through insulated pipes, see Figure 1. 
Distribution losses were about 11% in the 2000s in Sweden (IEA, 2013).Buildings that use the district 
heating have a small ‘substation’ in their basement, which is basically a small heat exchanger where 
heat from the network is extracted and used to heat up water which is then used for heating or hot 
tap water (Johansson, 2010). The consumption is measured for billing purposes only at the 
substation (Swedish district heating association, 2008), implying that multifamily buildings (e.g. 
buildings with flats) don’t measure the individual consumption of each household. The bill for using 
the district heat is then split up among the households. 
 

 
Figure 1: Simplified DHS where one plant generates heat for three buildings, each with a small substation (drawn below 

the buildings). (Johansson, 2010) 

 
There are different designs for the substations. The two most common substation layouts in Sweden 
are the ‘parallel connection’ (see Figure 2) and the ‘two-stage connection’ (see Figure 3) (Swedish 

                                                             
1
 The IPCC, which stands for Intergovernmental Panel on Climate Change, was set up in 1988 by the UN. It is an 

organisation that releases reports, organises conferences etc related to climate change. 
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district heating association, 2008). There are two different heat exchangers, one for heating and one 
for hot tap water, and the difference between the two systems is the configuration of those (parallel 
or series). 

 
Figure 2: ‘parallel connection’ substation layout.  FV (purple) = connection to the DHS, VV (red) = hot tap water, KV (blue) 

= cold water, RAD/VENT (green) = space heating. Symbols, see Figure 4. (Swedish district heating association, 2008) 

 

 
Figure 3: ‘two-stage’ substation layout. FV (purple) = connection to the DHS, VV (red) = hot tap water, KV (blue) = cold 

water, RAD/VENT (green) = space heating. Symbols, see Figure 4. (Swedish district heating association, 2008) 

 

 
Figure 4: symbols used in Figure 2 and Figure 3. (Johansson, 2010) 



- 3 - 
 

All heat exchangers are counterflow heat exchangers. Their operating principle is depicted on Figure 
5. In theory, there are also losses to the environment (part of the heat from the hot flow goes to the 
environment). As can be seen, the measurement points are at the secondary sides of the heat 
exchangers (at Tco), so the measured consumption excludes the losses of the heat exchanger. 

 
Figure 5: schematic counterflow heat exchanger where Thi is the temperature of the inlet of the hot flow (coming from 
the DHS), Tho is the temperature outlet of the hot flow (going back to the DHS), Tci is the temperature at the inlet of the 

cold flow (cold water) and Tco is the temperature at the outlet of the cold flow (going to radiators or to the tap) (Real 
world physics problems, 2015) 

 
The general layout of DHS is more or less the same for all systems. However, there are large 
differences between the fuels used for the generation for the heat and the technology used (e.g. 
combined heat and power (CHP) units that produce both heat and electricity or heat only boilers 
(HOB units) that produce only heat). In Sweden, the fuels used to generate the heat are mostly 
biofuels (39.2%), waste (18.2%), peat (3.8%) and waste heat (6.1%) (numbers from 2011). Those fuels 
are then incinerated either in combined heat and power (CHP) plants or heat only boilers (HOB). (IEA, 
2013). 
 

1.1.2.  Stockholm’s district heating system 

This thesis will use the DHS of Stockholm as a case study. Therefore, this section gives a short 
description of this DHS. The DHS in Stockholm is owned and operated by Fortum Värme2. In 2013 it 
delivered about 8TWhth (Fortum Värme, 2014a), with a market share of over 80% in 2012 
(Stockholm’s environment and health administration, 2012).  

                                                             
2
 The full name is ‘AB Fortum Värme samägt med Stockholms stad’. It is owned by ‘AB Fortum Värme holding 

samägt med Stockholms stad’, which in turn is owned for 9.9% by the City of Stockholm and for 90.1% by 
‘Fortum Power and Heat AB’. In this text, ‘AB Fortum Värme samägt med Stockholms stad’ is abbreviated to 
‘Fortum Värme’. (Fortum Värme, 2014a) 
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Figure 6: The DHS in Stockholm. Green areas are areas where DH is available for heating and hot tap water. (Fortum 

Värme, 2015a) 

Table 1 shows the environmental performance of the DHS for the past 5 years (Fortum Värme, 
2014b). In 2012 the large coal fired plant suffered from prolonged outages, while it was used more in 
2013, explaining the increase in GHG emission intensity in that year (Fortum Värme, 2014a). 
 
Figure 7 shows the shares of the different fuels used in 2014 in the district heating system. In 2014, 
the fraction of renewable or recycled energy increased to 86% and Fortum Värme has a target that in 
2030 this share should be 100% (Fortum Värme, 2014b). 
 

Table 1: Environmental performance of Stockholm’s DHS. (Fortum Värme, 2014b) 

 2010 2011 2012 2013 2014 

GHG emissions. own and indirect 
emissions of purchased energy [g/kWh] 

82 72 68.7 82 74.9 

GHG emissions after climate 
compensation [g/kWh] 

      68.7 35.1 

GHG emissions. transport and 
production of fuels [g/kWh] 

7.2 7.1 6.7 7.9 6.9 

primary energy factor 0.25 0.2 0.21 0.22 0.19 

share of fossil fuels 21 16 11 13 11 

CO2 - system effect [g/kWh] 90 85 105 114 133 

share renewable and recycled energy 
[%] 

79 84 87 84 85 

share renewable energy [%] 74 77 79 75 75 

NOx [mg/kWh] 112 104 109 125 114 

SO2 [mg/kWh] 37 27 30 40 24 

ashes [mg/kWh] 4 3.3 2.9 2.8 1.7 
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Figure 7: Share [%] of the different fuels used in the DHS in 2014. (Fortum Värme 2014b) 

Fortum Värme has the goal to have a ‘climate and resource neutral solution’ for their customers at 
the very latest by 2030 and with the ambition to reach this goal much earlier (Fortum Värme, 2014a). 
In fact, later on they declared that they want to be climate neutral from 2015 onwards (Fortum 
Värme, 2015b).  
 
They have taken several initiatives to reach this goal: first of all, they want to increase the share of 
renewable and recycled energy. Recently, Fortum Värme invested to construct the world’s largest bio 
mass fired combined heat and power (CHP) unit (286MWth heat and 130 MWel electricity). This 
project will save about 126,000 ton CO2e per year in Stockholm and up to 650,000 ton CO2e per year 
in Europe. (Fortum Värme, 2014a, c) 
 
In addition, they have started the ‘open heating network initiative’ which allows third parties to 
supply heat to the DHS (e.g. waste heat from industry). Fortum Värme also wants to create a ‘smart’ 
heating network, increase the amount of storage and keep updating their assets (Fortum Värme, 
2013). See also appendix A about a smart district heating system in Stockholm. 
 
However, these measures won’t reduce the GHG emissions to zero from 2015. Therefore, Fortum 
Värme started to compensate for emissions. This means that they fund projects that save emissions 
somewhere else, and these saved emissions are used to offset their own emissions (using for 
instance the Clean Development Mechanism3 defined under the Kyoto Protocol and the emission 
trading system (ETS) of the EU). In 2014, Fortum Värme compensated for emissions of coal and oil so 
that their ‘net emissions’ were already cut by half compared to 2013. 
  

                                                             
3
 The ‘Clean Development Mechanism (CDM) is one of the flexibilities originating from the Kyoto Protocol. It 

allows countries to assist developing countries in reducing their emissions, and for these reduced emissions 
they get a certificate allowing the country itself to emit more. E.g if Belgium is allowed to emit 100 ton CO2e 
under the Kyoto protocol and they do a project in Kenya which saves 10 ton CO2e in Kenya, Belgium can emit 
110 ton. The reason for this flexibility is that on a global scale (which is what matters for GHG emissions), the 
emissions still decrease and this at a lower cost than if the emissions would have been saved in Belgium itself. It 
also has the advantage that there is a transfer of knowledge and technology from developed countries to 
developing countries. Similar schemes also exist in several other emission protocols, such as the EU202020 
goals and the EU ETS (which allows companies to do the same). (Pepermans et al, 1999). Note that the 
European Commission want to reform this CDM (European Commission, 2015b) 
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1.1.3.  Importance of district heating for mitigating climate change  

As the energy sector is responsible for around two thirds of all (global) GHG emissions, this sector is 
crucial in reducing emissions (IEA, 2014). The importance of the energy sector in reducing emissions 
is also reflected in the famous ‘Kaya identity’, an equation that identifies major drivers of GHG 
emissions (Yamaji et al., 1991, cited by Raupach et al., 2007). (The symbols are those from the 
original formula, not those used in this thesis):  

     
 

 
  

 

 
  

 

 
       

Where F represents the global emissions, P the global population, G the world gross domestic 
product (GDP) and E the total primary energy consumption. Therefore, g is the GDP per capita, e is 
the energy intensity of the GDP and f is the CO2 intensity of energy.  
 
Global primary energy savings by fuel and sector are given in Figure 8. As can be seen, the potential is 
largest in the buildings sector, followed by the transport and the industry sectors. In the EU, the 
reduction in heating demand can be up to 12 MTOE (about 140 TWh) per year in 2040 (IEA, 2014)4. 
 

 
Figure 8: Potential for global primary energy savings from energy efficiency by fuel and sector in 2040. (IEA, 2014) 

 
The resulting potential for emission reductions is similar. As a consequence of increased energy 
efficiency, the global emissions of CO2 in 2040 can be reduced by 1.1 Gt (Giga ton) in the building 
sector, 0.9 Gt in the transport sector and 0.8 Gt in the industry sector (total savings resulting from 
increased energy efficiency amount up to 7.9 Gt in 2040). (IEA, 2014) 
 
Especially in Sweden, the heating sector is an important energy sector. In 2010, 54 TWh of heat was 
used by industry and the residential sector (on a total of 395 TWh of final energy use) (Swedish 
Energy Agency, 2012). It is often said (e.g. Johansson, 2010) that the heating sector was the single 
most important reason that Sweden could reduce its emissions as needed to meet the targets of the 
Kyoto protocol. Also the city of Stockholm understood this, given their focus on the DHS to reduce 
emissions in their ‘action plan for climate and energy 2012-2015 with an outlook to 2030’ 
(Stockholm’s Environment and health administration, 2012). The heating sector should cut its 
emissions per capita by half to 2030, as can be seen on Figure 9. 
 

                                                             
4
 The total final consumption for heating in the EU in the ‘current policies scenario’ (business-as-usual scenario) 

is 61 MTOE, while it is only 49 MTOE in the ‘450 scenario’ (scenario that limits global warming to 2°C).  



- 7 - 
 

 
Figure 9: expected changes in GHG emissions per capita and per sector. (Stockholm’s environment and health 

administration, 2012) 

 

1.1.4.  About perspectives on systems 

A system can be viewed from different points of view, notably from the ‘consumer perspective’ or 
the ‘producer perspective’. The reason is that both of them can take different actions. For instance, 
consumers can shift or reduce their consumption to decrease emissions, while producers can decide 
to use different fuels. Both perspectives are strongly intertwined. The producer takes the decisions of 
the consumers as given (namely the demand level) and then decides about which fuels will be used, 
which determines the cost and GHG intensity. Consumers on the other hand, take the cost (or GHG 
intensity) as given and decide then how much they want to consume.  
 
The producer perspective of the DHS is already discussed in several publications. e.g. the DHS in 
Stockholm is extensively studied from the producer perspective by Levihn (2014a, 2014b and 2014c). 
Apart from that, governmental decisions and guidelines of associations like the Swedish District 
heating association often apply the producer perspective in environmental analyses, e.g. by 
discussing fuel shifts (e.g. stimulating the producer to build a new biomass CHP unit) (see e.g. 
Stockholm’s environment and health administration, 2012) or incentivising the usage of more 
efficient production technologies (e.g. the legislation to stimulate CHP) (see e.g. IEA, 2013 or 
Knutsson et al., 2006). Therefore, this thesis will study the DHS from the consumer perspective. 
 

1.1.5.  Smart Cities  

There is no agreed definition of a smart city. For instance, Komninos (2002) stressed the importance 
of ICT, how this ICT should be used to transform people’s lives, how it should be embedded in 
everything and how this ICT should be ‘brought together’ with people. Caragliu et al. (2011) on the 
other hand used six criteria to determine the ‘smartness’ of a city: the role of a network 
infrastructure, urban development, social inclusion, the ‘creative industry’, human capital and (social 
and environmental) sustainability. Hollands (2008), criticised many definitions and argued that due to 
these definitional problems, many assumptions are hidden (what do you call smart?) and that smart 
cities becomes more a marketing trick than real social advances.  
 
However, in almost all definitions, ICT has an important role. Hilty et al. (2011) and Mitchell (2000) 
both identified the role of ICT to become more sustainable. Hilty found three important aspects: 
environmental informatics (how ICT can help to store, process and analyse environmental 
information), green IT (the resources used to make the ICT and the resources saved through the 
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usage of ICT) and sustainable human-computer interaction (how ICT can influence humans to 
become more sustainable). Mitchell analysed the potential of ICT from a more practical point of 
view, she identified four ways in which ICT can make a society more sustainable: dematerialisation, 
mass customisation, demobilisation and more complicated operation of systems.  
 
Section 4.6 discusses how the notion of a smart city relates to the subject of this thesis (a real-time 
feedback signal). 
 

1.1.6.  Smart district heating and greenhouse gas reduction strategies  

Smart energy system have several of the features mentioned in the context of smart cities. In a smart 
energy system, ICT is used to measure a lot of data, process it, and use it (in real-time) to operate the 
system more efficiently. Smart energy systems are a hot topic in today’s research, especially the field 
of smart electricity systems (‘smart grids’) is heavily studied. But also the use of smart heating 
networks is getting more and more attention (e.g. Johansson, 2010 ; Kärkkäinen et al., 2004 ; Lund et 
al. 2014 ; Schmidt and Basciotti, 2013 ; Wernstedt et al., 2007). One of the main differences between 
a smart DHS and a conventional DHS is the involvement of the consumers in the operation of the 
system, in order to make it more efficient and to reduce the environmental impact. This is often 
called ‘demand side management’ (DSM) or ‘(active) demand response’. 
 
Smart energy systems have many opportunities. An analysis for electricity systems is given by Strbac 
(2008) while Lund et al. (2014) describe the different aspects of a smart DHS. The main advantage is 
the ability to use more intermittent renewable energy sources (by changing the consumption 
profile). Another important aspect is that the demand pattern can become more flat, leading to 
increased efficiency of the entire system (generation, distribution, etc.). The reason is that systems 
need to be designed to meet the peak demand, implying that they are not used to their full potential 
if the demand is lower than this peak. Through smart DHS operation, peak reductions of 20 to 35% 
seem possible (Schmidt and Basciotti, 2013; Johansson, 2010; Kärkkäinen et al, 2004)5. For DHS, this 
lower peak leads to decreased usage of oil (the fuel used in most peaking units), leading to a 
significant decrease in emissions (Johansson, 2010). 
 
Apart from peak reductions, also the total consumption can decrease due to a more efficient 
operation of the system (Lund et al., 2014) and behavioural changes. Large scale tests in Belgium 
(about 5000 households) resulted in an average decrease of about 6% on electricity consumption 
(while the gas consumption for heating stayed the same) (Eandis and Infrax, 2010; 2012; 2014). Tests 
for district heating indicated a reduction of 4% but identified a potential saving of 10% (Wernstedt et 
al., 2007). This potential savings of 7.5 to 10% is also found by Johansson (2010)6. 
 
Other advantages of smart DHS are the increased potential to use waste heat (e.g. excess heat from 
industry), increased opportunities to use the DHS (with inherently high flexibility due to the large 
thermal inertia) to balance the electricity grid through the optimised usage of heat pumps 
(consuming electricity when needed) and CHP units (producing electricity when needed). (Lund et al., 

                                                             
5
 those numbers are the results from field tests with smart DHS. Most of them used a ‘smart heating 

controller’. This controller tried to flatten the load profile at the consumers as good as possible (e.g. decreasing 
the heating while people are taking a shower). This setup of a smart DHS doesn’t really involve people (it is fully 
automated), so it doesn’t lead to behavioural changes etc. 
6
 
6
 The numbers for a smart DHS are the results from field tests. Most of them used a ‘smart heating controller’. 

This controller tried to flatten the load profile at the consumers as good as possible. This setup of a smart DHS 
doesn’t really involve people so total savings might be higher due to behavioural changes in systems where 
people are involved.. 



- 9 - 
 

2014 ; Olsson, 2015). Many other specific advantages were identified in the research of Johansson 
(2010). 
 
Although there are many similarities between smart district heating and smart (electrical) grids, 
there are two fundamental differences between both. Whereas the consumption of electrical energy 
can be accurately measured on a household level, this is not possible for district heating (see section 
1.1.1). Secondly, the electricity sector is liberalised, while the DHS is often a monopoly.  
 
These differences have important impacts for the incentives the different actors get. Because 
consumption can’t be measured on a household level, it is difficult to reward consumers for their 
efforts to shift/reduce demand (because you first have to know how much they changed/reduced 
their demand), which seriously deteriorates the ‘business case’ for DSM or demand reductions on a 
household level. The producer on the other hand doesn’t get incentives to make changes in the 
current DHS because there is no competition any way (so the profits of the company aren’t 
dependent on its performance, the producer can charge the prices he wants). See appendix A for a 
more detailed analysis of the challenges for a smart DHS in Stockholm. 
 
From the consumer point of view, the increased usage of ICT in smart DHS and smart cities means 
that consumers get real-time feedback about their consumption, environmental impact, the costs of 
the power they are using etc. This allows consumers to make better 7 decisions about how much and 
when to consume. This means that consumers can reduce the emission related to their energy 
consumption in two ways: by shifting them in time (i.e. not consuming at times when fuel oils are 
used to meet the peak demand) or by reducing the absolute level of consumption. 
 

1.2.  Previous research 
There are two ways to affect the consumption of end users: direct or indirect control8. In direct 
control, the system operator can remotely control some load, for instance Fortum Värme can switch 
the heating systems off at times of real shortages in production (or when the emission intensity is 
really high). By indirect control, some kind of signal (economic or environmental) is given to the 
consumers, which then decide for themselves to change their consumption. Although the research is 
still going on, it seems that the direct control can exploit more flexibility but that indirect control is 
better to get the consumers involved. (Fritz et al. 2009, cited in Svahnström, 2013). 
 
In indirect load control, consumers should somehow get incentivised to change their consumption. In 
principle, there are two reasons why consumers would change/reduce their consumption: because 
they care about the environment (and want to make the system more sustainable) or because they 
can make a profit (because they get a lower price by consumer at different points in time). So far, 
there is no agreement yet which method is best used to incentivise consumers with different 
interests. It seems that this depends on the consumers themselves and on the goal you are trying to 
reach. (Fritz et al. 2009, cited in Svahnström, 2013). Most of the research focuses on economic 
signals (to target the economically motivated consumers), but it seems probable that similar remarks 
can be made for environmental signals. 
 

                                                             
7 ‘Better’ in this context means ‘more efficient’. Depending on the type of feedback, this can be more efficiënt 
from an economical point of view (i.e. consumers get real-time feedback about the price and can decide not to 
consume when the price is high), from an environmental point of view (i.e. consumers get real-time feedback 
about their GHG emissions and can decide to decrease their consumption when there are a lot of associated 
emissions), etc.  
8 Control should be interpreted in a broad way: reduction, shifting in time, etc. 
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Steen et al. (2012) concluded that real-time pricing9 is the best pricing scheme to incentivise 
consumers to shift their demand in the most optimal way. This view is shared by most researchers 
(e.g. Fritz et al. 2009, cited in Svahnström, 2013 ; Kärkkäinen et al., 2004), although it isn’t clear yet 
whether there has to be an economic incentive for consumers to change their demand profile (Fritz 
et al. 2009, cited in Svahnström, 2013 ; Wernstedt et al., 2007) 
 
Fritz et al. (2009, cited in Svahnström, 2013) found that in house visualisation (e.g. a display) is crucial 
to make the signal as accessible for the consumers as possible (you want a sustainable human-
computer interaction). Also consumer acceptance (are they prepared to take the feedback into 
account? Do they understand the purpose? Etc.) is key. This acceptance can be enhanced through 
customised information (mass customisation) and education.  
 
Belgian research (Eandis and Infrax, 2010; 2012; 2014) concluded that it is very important to give 
frequent and positive feedback, because it makes the people feel supported and then they are more 
motivated to change/reduce their consumption. 
 
Real-time economic signals have been used extensively for indirect load control, but feedback about 
environmental impact was usually limited to a monthly feedback letter. This thesis will therefore fill 
this gap by designing the real-time environmental feedback signal (for district heating) that can be 
used for indirect load control. 
 
This signal can motivate environmentally motivated consumers because it informs them in real-time 
about their current environmental impact10. It gives them a tool to decide when to reduce their 
consumption (i.e. at times of peak demand when there are a lot of emissions associated with heat 
production due to the usage of inefficient peaking units (Johansson, 2010)). The signal will tell 
consumers for how much emissions they are ‘responsible’ in real-time.  
 

1.3.  Aims and objectives 
This thesis aims to develop a real-time feedback signal that informs consumers about the real-time 
CO2 emissions related to their instantaneous consumption of heat from district heating and analyse 
the potential and challenges of this signal in terms of how well it succeeds to give the correct 
incentives, how well the signal reflects the changes made by consumers (did it ‘reward’ consumers 
which reduced their consumption by ‘giving’ them a lower household emission rate and vice versa?) 
and in terms of the impact of the assumptions, system boundaries and methodology on the final 
feedback signal.  
 
The real-time emissions of a household are called the ‘emission rate’ of that household. It gives the 
amount of emissions per second for which the household is responsible by using the amount of 
power from the DHS that household is currently consuming. Suppose the household is consuming x 
[kWth] from the DHS and that the current GHG emission intensity11 of the heat produced by the DHS 
is y [kgCO2e/(kJth)], then the emission rate of the household is x*y [kgCO2e/sec]. 

                                                             
9
 In real-time pricing, the price varies all the times, reflecting the current costs of production. For the electricity 

system, this implies that the wholesale spot price is used. For district heating some kind of real time price has 
to be developed (as there is no wholesale market). Most ideally, it should also be the marginal cost of 
production at that time. 
10

 So completely analogous to the real-time price of energy that informs consumers about how much they will 
have to pay to consume energy now and thus stimulates economically motivated consumers to shift/reduce 
their consumption. 
11

 The emission intensity of the DHS gives the amount of GHG emissions emitted by the DHS per unit of energy 
produced by the DHS.  
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In order to achieve this aim, the DHS of Stockholm will be used as a case study for this signal, where 
the following objectives are identified: 
 
- Calculate the feedback signal giving the emission rate for representative households in Stockholm. 
- Calculate the feedback signal giving the emission rate for representative households in Stockholm 

after they have changed their consumption. 
- Identify the potential and challenges for the feedback signal by analysing the feedback signals of the 

representative households and analysing the impact of assumptions made when calculating the 
feedback signal. 

1.4.  System boundaries 
The DHS of Stockholm that is used as case study in this thesis is the one that exists today. Future 
changes (e.g. the new biomass CHP unit) are not modelled. Fortum Värme provided realistic 
(simulated) hourly production data for 2015 (see section 2.1.2 and appendix B), which define the DHS 
analysed in this thesis. It is assumed that there is one generation unit for each fuel (e.g. ‘recycled 
wood chips’ is one of the fuels used for heat production, so it is assumed that there is one heat 
power plant that burns ‘recycled wood chips’). 
 
As the focus is on the consumer side, there is only very little operational (technical and economical) 
detail about the DHS taken into account when modelling the producer side of the DHS. For instance, 
prices of fuels are assumed to be static, there are no start-up costs etc.  
 
Further, the distribution network (pipes with hot water) isn’t taken into account. This implies that 
distribution losses and the thermal inertia of the distribution network is ignored. This implies that the 
demand (at the consumers) is equal to the production (at the power plants). 
 
Due to the CHP units, the DHS also produces electricity. The emissions of the CHP units are allocated 
to heat and electricity using a so-called ‘allocation method’. Therefore, the GHG intensity of the 
electricity production is also calculated. However, the interpretation of the results and the analyses 
of the different scenarios focus only on the produced heat (ignoring the effect on the electricity 
production of the DHS12).  
 

1.5.  Outline of the thesis 
Chapter 2 explains the models used to calculate the real-time signal. It has three subsections: first 
the real-time GHG intensity of the heat production of the DHS is calculated, then this value is used as 
input in the models that calculate the household emission rate and finally some scenarios are 
modelled to test the potential of the signal with changing consumption. 
 
Chapter 3 presents the outcomes of the models for the DHS of Stockholm. It has two subsections, 
each answering one aim: The first one gives the household emission rates (from the models of the 
second subsection of chapter 2) and the second subsection presents the household emission rates of 
the scenarios (from the last subsection of chapter 2). 
 

                                                             
12 For instance, if the heating demand decreases in a certain scenario, less heat will be produced and these 
saved heat-related emissions are taken into account. However, also less electricity will be produced in CHP 
units and as the demand for electricity is constant, this electricity has to be produced somewhere else. This 
could result in decreased or increased electricity-related emissions (depending on what the alternative 
production is). However, since electricity-related emissions are not taken into account, this effect is outside the 
scope of this thesis. 
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Chapter 4 discusses the results from the previous analysis. First, the different perspectives are shortly 
discussed. In the next two subsections, the results of chapter 3 are discussed. Then, the ‘real-time’ 
aspect is discussed (what time resolution is needed?). Then, there is a short discussion about the 
impact of the system boundaries as set in the previous section and some methodological issues are 
discussed as well. Finally, the feedback signal developed in this thesis is put in the perspective of a 
smart city. 
 
Chapter 5 gives the conclusions of the thesis, thereby answering the objectives of this thesis. Finally, 
recommendations and suggestions for further research are formulated. 
 
The appendices give more detailed information about specific topics or about the data used for this 
thesis.  
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2. Method 
This chapter introduces the calculation models used to create the household emission rate 
(objectives 1 and 2). Section 2.2 describes the model to get the household emission rate for 
representative households in Stockholm and section 2.3 explains the models used to calculate the 
household emission rate after the consumers have changed/reduced their consumption. However, 
the models to calculate the household emission rates need the GHG intensity of the heat produced 
by the DHS as input values. Section 2.1 describes how this GHG intensity can be obtained. 
 

2.1.  The real-time greenhouse gas intensity of district heating 
The models described in this section are used to calculate the emission intensity of the heat 
produced by the DHS. This emission intensity is needed as input for the models in the next section, 
which explain how to calculate the household emission rate. 
 

2.1.1.  Data requirements  

The most basic data set needed is the production data in real-time. This data set tells which fuels are 
used to generate how much heat (and electricity in CHP units) [MJth, MJel and MJfuel]. The temporal 
resolution of this data set is essential for the ‘real-time’-value of the model.  
 
Secondly, the emission factors (EF) are used to calculate the emissions from the production data. 
Emission factors indicate the amount of emissions per unit of energy [kgCO2e per MJfuel]. Emission 
factors are typically difficult to calculate exactly due to the life cycle analysis (LCA) needed because 
GHG are emitted in all stages of the fuel cycle. For most fuels, the EF is a static value. Only for 
electricity (used for instance in heat pumps), a real-time EF is useful because the GHG emission 
intensity of electricity changes just like the one of heat. See also appendix C. 
 
For the CHP units, extra data are needed to allocate the fuel and emissions to the heat or electricity 
produced. There are several ways to do this and each method needs own data. See also appendix D. 
 

2.1.2.  Data used in this thesis  

The production data set gives real-time values about how much heat and electricity is produced using 
each fuel. The data set used in this thesis has only hourly values, limiting the definition of ‘real-time’ 
to an hourly value. The data is given by Fortum Värme (2014d), who simulated realistic data for 2015. 
 
Fortum Värme uses several fuels, each having a specific role (baseload, midload, peaking unit, in 
summer or winter etc.). Figure 10 summarises the data by giving the load duration curve13. As can be 
seen, fuel oil is indeed used to meet the peak demand, which will explain emission peaks later 
encountered in the thesis. Appendix B describes the data in more detail.  
 

                                                             
13 A load duration curve shows the production levels of different hours sorted according to the total production 
from high to low. Therefore, it is a strictly decreasing curve and allows to identify the different roles (baseload, 
mid-load, peaking unit) of the different fuels. 
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Figure 10: load duration curve of the heat production of the DHS in Stockholm based on the data from Fortum Värme 

(2014d). 

 
Secondly, emission factors are needed to convert the fuels burnt to GHG emitted. In literature, many 
EFs can be found (see appendix C). In case one is interested in the consumption of total primary 
energy (see appendix C), so-called primary energy factors (PEF) give the amount of primary energy 
per unit of energy in a fuel. The emission factors and PEFs14 used for this thesis are given in Table 2. 
 
The emission factors (EF) used for this thesis are calculated based on a life cycle analysis (LCA) and 
therefore take the total global emissions of the entire fuel chain into account (so both those emitted 
at the power plants themselves and those emitted somewhere else). All the emission factors are 
static (fixed values for the whole period), including the EF of electricity used by the heat pumps. The 
EF of electricity is the average GHG intensity of the Nordic mix including import and export as 
calculated by Värmeforsk (2011, pp. 121). Shahrokni (2014) analysed the effect of choosing such an 
EF for electricity and found that the impact on the conclusions of different EFs for electricity is rather 
small. 
  

                                                             
14 If the EF is replaced with the PEF in the models of chapter2, the feedback signal gives the real-time primary 
energy consumption of each Household. However, the results turn out to be very similar than for emissions 
(similar dynamics, etc.), so the results are not presented in this thesis. 
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Table 2: emission factors and primary energy factors used in this thesis. The data come from the Miljöfaktaboken 
(Värmeforsk, 2011) except the PEF from bio oil, which comes from Miljövärdering (2012) and the emission factor of 

olives, which comes from Intini et al (2011). The PEF of olives is an average of the PEF’s of waste fuels of the 
Miljöfaktaboken (since it is the waste of an olive processing factory). 

  Emission factors Primary energy 

factors 

unit       

      
 

         

      
 

      

electricity 27 1.74 

coal 107 1.15 

fuel oil 1 80 1.11 

fuel oil 5 82 1.11 

natural gas 69 1.09 

waste & shredded 
waste 

33 0.04 

wood chips 2.3 1.04 

wood pellets 5.2 1.11 

recycled wood chips 0.9 0.05 

bio oil 0.2 0.04 

peat 118 1.01 

biogas 7.5 0.28 

olives 6.57 0.05  

 
Finally, some additional data for the CHP allocation might be needed, depending on the allocation 
method used. For the method used in this thesis (the alternative production method), the efficiencies 
of separate electricity and heat production using a fuel are needed. These alternative efficiencies are 
defined by EU in Directive 2012/27/EU, which repealed Directive 2004/8/EC (European Union, 2004 ; 
2012). The exact values are given in a separate document, 2011/877/EU (European Commission, 
2011)15. Apart from the exact numbers, this defines some correction factors for the electric efficiency 
to account for local conditions.  
 
At first, the electric efficiency depends on the construction year of the CHP unit (assumed to be 
before 2001). Secondly, the efficiency should be adjusted to the average outside temperature 
(assumed to be 7°C, (NASA, 2015)) and finally there is a correction factor to account for grid losses (it 
is assumed that the grid voltage at the CHP units is between 50 and 100kV). This results in the 
alternative efficiencies as given in Table 3. 
 

                                                             
15

 The exact numbers of the alternative efficiencies are updated every 4 years (European Commission, 2011). 
The numbers used in this thesis are the most recent ones (2011), but a study, resulting from tender 
ENER/C3/2013-424, to update the values is currently being done under the supervision of the European 
Commission (European Commission, 2015a). 
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Table 3: alternative efficiencies [ %] as defined by the European Commission (2011).  
          

 is the efficiency of 

alternative electricity production for CHP units constructed in 2001 and before.  
  

 is the corrected electric efficiency for 

an average outside temperature of 7° and an output at 50 to 100kV.  
 

 is the efficiency of alternative heat production 

(no correction factors needed). (European Union, 2004 ; 2012) 

fuel                   

bio oil 42.70 41.98 89 

coal 42.70 41.98 88 

fuel Oil 1 42.70 41.98 89 

fuel Oil 5 42.70 41.98 89 

olives 23.10 23.06 80 

shredded 
waste 

23.10 23.06 80 

waste 23.10 23.06 80 

wood chips 30.40 30.11 86 

wood pellets 30.40 30.11 86 

 
Data for other CHP allocation methods are given in the first subsection of appendix D. 
 

2.1.3.  Average and marginal perspectives of environmental analyses  

When analysing systems from an environmental point perspective, there are two main 
methodologies that can be used. First of all, there is the ‘average perspective’, in which one looks at 
the average for the total system (e.g. the hourly average GHG intensity of the heat produced in the 
DHS). The second point of view is the ‘marginal perspective’ where one looks at how the system will 
respond to a change (e.g. the GHG intensity of the heat power plant that will increase its production 
if the demand increases). 
 
Although the discussion is still going on, it seems that there is a broad consensus that the average 
perspective is best when one is assessing the current situation while the marginal perspective should 
be used to assess the impact of changes to the current situation (see e.g. Levihn, 2014a or Olsson et 
al., 2015).  
 
The majority of the presented results used the average perspective (as the goal is to give feedback 
about the current situation) but sometimes the marginal perspective can give useful insights so this 
perspective is used sometimes as well (it is always explicitly mentioned if the marginal perspective is 
used)16.  
 
Producers decide which fuels they will use (producer perspective), which determines how the 
emission intensities (in both the average and marginal perspective) will look like. Changes in demand 
(consumer perspective) will induce changes in production (producer perspective), which in turn will 
again change the emission intensities and the emissions. The difference between using the average 
and marginal perspective is how you attribute the changes emissions to the change in demand. If you 
use the marginal perspective, the change in emissions is attributed only to the consumer that 

                                                             
16 The reason why the marginal emission intensity model sometimes gives new insights, can be explained by 
looking at Figure 10. Fossil fuel oils, with high associated emissions, are used at times of peak demand. 
However, their share in the total production is rather low, which means that in the average perspective (total 
emissions / total production), the higher emissions of fuel oils are often very difficult visible. However, the 
marginal emission intensity model will reveal when those oils are used, so when reductions in demand will 
have a large environmental impact. 
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changed its consumption, while if you use the average perspective, the change in emissions is 
divided among all consumers. 
 

2.1.4.  The average emission intensity model to calculate the greenhouse 

gas intensity of the district heating system  

The first step of the model is allocating fuel and emissions to heat and electricity production in CHP 
units. This can be done using different allocation methods such as the direct energy, direct exergy, 
indirect energy, indirect exergy, alternative production and the economical allocation method. Each 
of these methods is discussed in appendix D. Unless otherwise mentioned, this thesis uses the 
alternative production allocation method, because it is the industry standard in Sweden (Shahrokni, 
2014). The alternative production allocation method (also called the benefit distribution method 
(Nuorkivi, 2010)) allocates emissions based on the separate (alternative) production of heat and 
electricity, as can be seen in equations (1) and (2) (Shahrokni, 2014; Värmeforsk, 2011).  
 
Sometimes, it happens that fuel is used in a production plant, but that no heat or electricity is 
produced. In this case, the emissions associated with this fuel usage are attributed to the heat 
production of the general DHS17. 
 
 

        

    

    

    

    
 

    

    

 (1) 

 

 

        

    

    

    

    
 

    

    

 (2) 

 

Where:  
    : electricity produced using fuel f at time t. (Given by the production data set) [MJel] 

    : electric efficiency of separate electricity production using this fuel (alternative electric 

efficiency). (Given by Table 3) [MJel/ MJfuel] 
      : share of total emissions allocated to electricity production (=GHGE/GHG) of fuel f at time 

t [-] 
 
    : heat produced using fuel f at time t. (Given by the production data set) [MJth] 

    : heat efficiency of separate heat production using this fuel (alternative heat efficiency). 

(Given byTable 3) [MJth/ MJfuel] 
      : share of total emissions allocated to heat production (=GHGQ /GHG) of fuel f at time t [-] 

 
Then average GHG emission intensity can be easily calculated according to equations (3) and (4) for 
electricity and heat respectively.  
 
The GHG intensity of electricity production is equal to the division of the total electricity related 
emissions by the total electricity production. The total electricity related emissions are the emissions 
from the fuels burnt in CHP plant multiplied with the factor that gives share of emissions allocated to 

                                                             
17 In this case,        is set to 1 and        is set to 0. As can be seen in equations (3) and (4), this means that the 

emissions are accounted for in the calculation of the GHG intensity of heat. 
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electricity production. The total electricity produced is the sum of the electricity produced in all CHP 
units. 
 
The GHG intensity of heat production is also the sum of all heat related emissions divided by the total 
heat produced. The total heat related emissions consist of the emissions in HOBs, the heat related 
emissions in CHP units (total emissions at CHP units multiplied by the factor giving the share of 
emissions allocated to heat production) and the auxiliary emissions (emissions from the own 
consumption of the DHS). The emissions from the own consumption of the DHS are allocated to the 
heat production, because the main own consumption is assumed to be the operation of the DHS (i.e. 
pumps, sensors etc.), which is related to the heat production. 
 
 

       
                       

          
 (3) 

 

 
        

                                               

     
 (4) 

 

Where:  
     : emission intensity of electricity production time t [kgCO2e/MJel] 
      : the share of emissions allocated to heat production of fuel f at time t (see equation (1)) 

[-] 
   : the emission factor of fuel f (static value except for electricity when it can be the real-

time emission intensity of electricity from the grid) [kgCO2e/MJfuel] 
    : the amount of fuel f that is burnt at time t [MJfuel] 

    : the amount of electricity produced using fuel f at time t [MJel] 

     : emission intensity of heat production time t [kgCO2e/MJth] 

      : the share of emissions allocated to heat production of fuel f at time t (see equation (2)) 

[-] 
     : the amount of auxiliary emissions allocated to heat, i.e. the emissions of the own 

consumption (OC) of electricity so EFel,t*OCel,t 
    : the amount of heat produced using fuel f at time t [MJth] 

 
The emission intensity calculated up to now indicates the emissions per unit of energy in 
[kgCO2e/MJel] or [kgCO2e/MJth]. However, energy is never real-time, as it is the product of power and 
time (1J = 1W*1sec). A real-time version of the emission intensity should give the rate of emissions 
per unit of power (both having units of        and thus representing instantaneous quantities). 
However, if the unit of energy is Joule18, then they have the same numeric values as proven by 
equation (5). 
 
 

   
      

  
      

      

      
      

      
   
  

  (5) 

 

 
  

                                                             
18 If the unit of energy MWh, then a conversion factor of 3600 is needed if the real-time equivalent needs to be 
expressed per second:  
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2.1.5.  The marginal emission intensity model to calculate the greenhouse 

gas intensity of the district heating system  

This model calculates the dynamic emission intensity according to the marginal perspective, i.e. the 
emission intensity of the heat of the DHS is the emission intensity of the fuel that will follow changes 
in demand at that time. It is assumed that the merit order is strictly followed, i.e. the fuel last in the 
merit order (most peaking-like fuel) will follow the change in demand (see appendix B).  
 
For every hour, the fuel last in the merit order that is still being used, is determined and the marginal 
GHG intensity is the real-time GHG intensity of heat production using this fuel. The real-time GHG 
intensity of an individual fuel is rather straightforward to calculate according to equations (6) or (7) 
for fuels used respectively in HOB or CHP units. 
 
 

             
   

      
 

(6) 

 

 
             

          

      
 

(7) 

 

Where: 
           : emission intensity of heat production using fuel f in HOB units at time t 

[kgCO2e/MJth] 
   : the emission factor of fuel f (static value except for electricity when it can be the real-

time emission intensity of electricity from the grid) [kgCO2e/MJfuel] 
      : the heat efficiency of the HOB unit (heat produced divided by fuel used) using fuel f 

[MJth/MJfuel] 
 
           : emission intensity of heat production using fuel f in CHP units at time t 

[kgCO2e/MJth] 
      : the share of emissions allocated to heat production of fuel f at time t (see equation (2)) 

[-] 
      : the heat efficiency of the CHP unit (heat produced divided by the fuel used) using fuel f 

[MJth/MJfuel] 
 
Note that the electricity production is ignored for the analysis. The merit order is based on the heat 
production and the effect of alternative electricity production isn’t taken into account (see section 
1.4). 
 
As in the previous section, the emission intensity (emissions per energy) has to be converted to its 
real-time equivalent (rate of emissions per power). 

2.2.  Household emission rates 
This section explains the models used to answer the first objective (calculating the feedback signal 
giving the real-time emission rates of representative households). They translate the (real-time 
version of the) emission intensity (calculated in the previous section) to a household level. The 
consumption of an individual household [MW] is estimated and multiplied with the emission 
intensity [kgCO2e/sec per MW], yielding the rate of emissions for which each household is 
responsible [kgCO2e/sec].  
 
The DHS provides the energy for heating and hot tap water, but their consumption patterns differ as 
are the ‘underlying’ factors determining them. Therefore, it is important to differentiate between 
them. 
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2.2.1.  Data requirements  

The household consumption can be measured (in real-time) or calculated using measurements of 
some related parameters. 
 
However, no such data were available for this thesis. Therefore, , the average consumption of 
Swedish households is used for the analysis of the potential of a household feedback signal in this 
thesis. This average consumption is estimated by Enertech (2009), which did a study on 400 Swedish 
households in cooperation with the Swedish energy agency. Table 4 gives the average heating and 
hot tap water consumption for the measurements of that study. 
 

Table 4: average household consumption for heating and hot tap water19 in Sweden (Enertech 2009) 

 Couples 26-64 year [kWhth/year] Families 2-64 year [kWhth/year] 

Heating 6907 2965 
Hot tap water 1850 2675 
Total consumption 8757 5640 

 
Then this total consumption has to be translated to a demand profile (hourly in this thesis). The 
Swedish energy agency did a study to measure the real-time (5 minute interval) hot tap water 
consumption in 44 households and one building block (with 110 flats) (Swedish Energy Agency, 
2009). Appendix E describes how a real-time (hourly) hot tap water consumption pattern was 
calculated based on the results from that study. To get the real-time (hourly) hot tap water 
consumption of the average couple or family, the demand pattern from appendix E is rescaled (so 
the total yearly consumption equals the value from Table 4). 
 
A real-time (hourly) demand profile for heating was calculated by subtracting the total demand for 
hot tap water in Stockholm (of 833,889 households, see appendix E) from the total hourly production 
data of the DHS in Stockholm (see section 2.1.2 and appendix B). This pattern is then rescaled so the 
total yearly consumption equals the value from Table 4. 
 
The result of this procedure is a real-time (hourly) demand for heating and hot tap water for a couple 
and a family. These values are summed to get the total heat demand of that household 
[MWhth/hour]. The resulting demand profiles are depicted in Figure 11 and Figure 12. 
 

                                                             
19 The numbers are those for household without direct electric heating. 
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Figure 11: hourly consumption [kWhth/h] of an average couple in Stockholm (scale from 0 to 2.5 kWhth). 

 

 
Figure 12: hourly consumption [kWhth/h] of an average family in Stockholm (scale from 0 to 1.6 kWhth). 

 
In case real-time measurements of the consumption on a household level are available, these should 
be used instead. If the consumption on a household level can’t be measured, but measurements of 
some related parameters are available, the following method can be used. It is assumed that the 
following parameters are measured in real-time:  
 
- The thermal power at the primary side of the heat exchanger between the DHS and the building 

(see section 1.1.1) [kW] 
- The current temperature setting of each radiator [°C] 
- The indoor temperature at each flat [°C] 
- The thermal power of hot tap water per household [kW] 
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- The temperature of a ‘hot’ radiator (when the indoor temperature is below the set temperature, 
the radiator will be hot to heat up the air in the flat and it is assumed that the temperature of this 
hot radiator is constant for all radiators) 

 
The equation used for the heat power allocation is equation (8) 20. The derivation is given in appendix 
F. The formula is based on the estimation of the power consumed by the radiators in each flat. 
 

             
                                          

                                            

          
(8) 

 

Where 
          : heating consumption of household i [kWth] 

        : total heating consumption of the building [kWth] 

    : heating consumption of radiator j in household i [kWth] 

    : temperature of a hot radiator (i.e. the temperature of a radiator when it is trying to heat 
up the room because the set temperature is above the indoor temperature) [K] 

         : the indoor temperature of household i [K] 
        : the set temperature of radiator j in household i [K] 

 
Since the hot tap water consumption is measured for each household, the total power (heating + hot 
tap water) allocation equation is given by equation (9). 
 

                
                                          

                                            

                

 

  
(9) 

 

Where 
          : the hot tap water consumption of household i [kW] 

 : the consumption of the whole building (heating + hot tap water) as measured in the 
substation [kW] 

 

2.2.2.  The equation for the household emission rate  

The household emission rate gives the emission rate for which each household is responsible. This 
signal can easily be calculated using equation (10). 

                    
(10) 

 

Where 
     : the emission rate of household i at time t [kgCO2e/sec] 
    : the power consumed by household i at time t, either measured, estimated or using the 

average consumption (see section 2.2.1) [kW] 
     : the emission intensity of the heat production of the DHS as given by equation (4) if the 

average GHG intensity model is used, or equation (6) or (7) if the marginal GHG intensity 
model is used. Equation (5) converted the units to the ones needed here 
[kgCO2e/(sec*kW)] 

 

                                                             
20 Note        
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2.3. Scenarios for changed consumption in Stockholm’s district heating 

system 
As the second objective states, the household emission rate is calculated for several scenarios in 
which the households have changed their consumption. The results of these  scenarios are used, as 
stated by the third objective, to analyse the potential and challenges of the feedback signal giving the 
household emission rate (does it give the correct incentives, does it reflect changes made by 
consumers, did it ‘reward’ the consumers which decreased their consumption by giving them a lower 
emission rate, etc.?). The scenarios are possible future states of the DHS of Stockholm when end 
users have changed/reduced their consumption. The sections below explain how the production data 
are simulated and how the models from the previous sections are used to calculate the household 
emission rates. The DHS of Stockholm is described in section 1.1.2 and a more detailed analysis of the 
different fuels is given in section 2.1.2 and in appendix B. 
 
Figure 13 shows graphically the process to calculate the scenarios. It is a three-step process: first a 
certain change in total demand is assumed and the real-time GHG intensities are calculated (A), then 
the household demand patterns are estimated (they change in line with the changes in total 
demand) (B) and finally the household emission rate can be obtained (C).  
 
To get the GHG intensity (A), the total heat demand profile (= total hourly demand for the DHS) for 
that scenario is determined based on the assumption of that scenario (A1). Then the production data 
are simulated to determine which fuels will be used to generate how much heat and/or electricity 
(A2).  
 
This data set can be used as input for the models described in sections 2.1.4 (or 2.1.5 if the marginal 
emission intensity is needed): the hourly emission intensity of each fuel can be calculated using 
equations (6) and (7). It is assumed that these hourly values are constant for all scenarios (which is 
the same as assuming that the hourly efficiencies stay the same). Therefore, the values of        and 

       are the values obtained from the production data given by Fortum Värme21. 

 
Multiplying these (hourly) emission intensities of each fuel with the hourly heat production of each 
fuel (     as calculated in step A2) yields the hourly emissions per fuel. Adding the emissions of all 

fuels for a certain hour and dividing by the total produced heat in that hour gives the average GHG 
intensity of the heat produced in that hour. Note that the resulting intensity has to be converted to 
the correct units (see equation (5) and footnote 18). (A3)22 
 
The second part is to estimate the new household demand pattern (B). The process of section 2.2.1 is 
followed again: the total household consumption for heat and hot tap water is first estimated (B1). 
Then the profiles of total demand for heat and hot tap water are determined (B2) and rescaled to the 
household level (B3). Finally, the household demand profiles for heating and hot tap water are added 
to get the total demand profile of the household (B5). 
 
The last step is to calculate the household emission rate (C). This can be done by using equation (10) 
and the values (GHG intensity & household demand) from the previous two steps. (C1) 
 

                                                             
21 When there was no hourly heat efficiency or GHG intensity in the given production data (for instance 
because that fuel wasn’t used at that hour), the yearly average heat efficiency or GHG intensity (of that fuel) is 
used instead. 
22 Note again that the electricity production and the resulting change in electricity-related emissions is 
neglected (see section1.4). 
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Figure 13: process to calculate the scenarios 

Step (A2) is a problem because detailed technical and economical data needed to realistically 
simulate production data. Since this data is not available, a simple linear model is used. The model 
has been fine-tuned to mimic the given production data of Fortum Värme. The model is described in 
appendix G (there is one basic model, used for most scenarios, and one model that allows shifting 
demand, which is only used by the last scenario). However, due to the simplifications, there still is a 
large difference between the simulated production data and those given by Fortum Värme.  
 

2.3.1.  Reference scenario: least cost dispatch  

Due to simplifications when simulating the production data, a reference scenario is needed in which 
the demand is the same as in the original production data (see section 2.1.2) (step A1). After all, 
errors will be introduced due to these simplifications and when assessing the potential of the 
feedback signal, it is important to distinguish between errors as a consequence of inaccurate 
simulated production data and errors that are ‘fundamental’ in the feedback signal. This scenario 
allows identifying the errors introduced by the simplifications when simulating the production data 
so those errors can be ‘subtracted’ from the total inaccuracies of the feedback signal in the other 
scenarios. 
 
The outcome of the linear model of appendix G (section 1) is a set with hourly production data (in 
which the total demand is the same as in the original production data) (step A2). This data set can be 
used as input for the models described in the previous sections to get the hourly GHG intensity (step 
A3). Also the household consumption doesn’t change; it is still the same as in section 2.2.1 (step B1-
4). Then the hourly household emission rate is calculated using equation (10) (step C1). 
 

2.3.2.  Decreased hot tap water consumption  

In this (and many following) scenario, the total DHS consumption is divided between a heating 
consumption and a demand for hot tap water. The demand profile for hot tap water in Stockholm is 
calculated in appendix E. It is based on measurements by the Swedish energy agency (Swedish 
Energy Agency, 2009). The demand for heating is then the total demand minus the demand for hot 
tap water. 

A) calculate GHG intensity 

•1) get total demand 
pattern  

•2) simulate production 
side to get production 
data set 

•3) calculate hourly GHG 
intensity using the 
average emission 
intensity model 

B) calculate household 
demand pattern 

•1) get total household 
consumption for heating 
& hot tap water 

•2) get total demand 
profiles for heating and 
hot tap water 

•3) rescale demand 
profiles to household 
consumption 

•4) add household profile 
for heat and hot tap 
water to get household 
demand profile 

C) calculate household 
emission rate 

•1) multiply GHG intensity 
with household demand 
pattern 
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This scenario analyses how the household emission rate changes if the demand for hot tap water 
decreases by 10% compared to the demand profile from appendix E (with the demand for heating 
remaining constant). The total demand profile for the DHS is then the demand for heating plus 90% 
of the total demand for hot tap water (step A1). This total consumption is given to the linear model, 
which determines the new production data set (step A2). This data set is then used to calculate the 
GHG intensity of the DHS (step A3). 
 
The hot tap water consumption of the households decreases by 10%. Therefore, the hot tap water of 
average Swedish households is as given by table Table 5 (step B1). The procedure mentioned in 
section 2.2.1 is used to get the hourly household consumption values (step B2-4).  
 

Table 5: average household consumption for heating and hot tap water in Sweden with 10% reduced hot tap water 

 Couples 26-64 year [kWhth/year] Families 2-64 year [kWhth/year] 

Heating 6907 2965 
Hot tap water 1665 2408 
Total consumption 8572 5373 

 
Then equation (10) is used to calculate the new household emission rate (using the new GHG 
intensity and the new household consumption) (step C1). 
 

2.3.3.  Lower indoor temperature  

This scenario explores what would happen if the indoor temperature in all buildings connected to the 
DHS would be 1°C lower than it is today.  
 
Heat transfer always increases if the temperature differences increase. This means that if the indoor 
temperature in buildings is closer to the outdoor temperature, there will be less heat losses to the 
surroundings. This implies that less energy is needed to keep the building at that temperature. 
Assuming that the current indoor temperature is set at 22°C, it is analysed how much emissions 
would be saved if this is reduced to 21°C. It is estimated that the resulting reduction in demand for 
heating is reduced by 10%23 at times when the outside temperature is below 22° (and that it stays 
constant if the outdoor temperature is above 22° because then there won’t be more heat losses to 
the environment). The demand for hot tap water is not affected. 
 
The total demand profile for the DHS is then 90% of the demand for heating plus the full demand for 
hot tap water (step A1). This total consumption is given to the linear model, which calculates the new 
production data set (step A2), which in turn is used to calculate the hourly GHG intensity (step A3). 
 
The heating consumption of the households decreases by 10%. Therefore, the consumption of 
average Swedish households is as given by table Table 6 (step B1). The procedure mentioned in 
section 2.2.1 is used to get the hourly household consumption values (step B2-4).  
 

                                                             
23 A detailed analysis of the building stock of Stockholm would be needed to determine exactly what would be 
the effect on the demand for heating. Since this is outside the scope of this thesis, the results of several other 
studies are used (Ding et al., 2013 ; Emery and Kippenhan, 2006 ; Firth et al., 2010 ; Kavgic et al, 2011 ; Lam et 
al., 2008 ; Tavares et al., 2007). The reported savings differ quite a lot, but on average, it seems that the 
demand decreases by about 10% (given the better insulation of buildings in Stockholm compared to many 
other regions in the world, it is possible that the real reduction might be smaller than 10%. 
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Table 6: average household consumption for heating and hot tap water in Sweden with 10% reduced heating 

 Couples 26-64 year [kWhth/year] Families 2-64 year [kWhth/year] 

Heating 6216 2669 
Hot tap water 1850 2675 
Total consumption 8066 5344 

 
Again equation (10) is used to calculate the new household emission rate (using the new GHG 
intensity and the new household consumption) (step C1). 
 

2.3.4.  Better building insulation: retrofitting 

Van der Heijde (2014) developed a retrofitting plan for Stockholm based on hourly district heating 
energy consumption data for 15,000 buildings in 2012. Based on this data set, he proposed three 
scenarios, one with a low amount of retrofitting leading to 1,103 GWh (13.3%) savings, a medium 
scenario (2,851 GWh or 34.4% savings) and one with a lot of retrofitting leading to 4,636 GWh (56%) 
savings.  
 
The entire heat demand (heating + hot tap water) is reduced by the relative savings (13.3, 34.4 or 
56%) (since the data set for the retrofitting plan consisted also of total demand in 2012 and the 
absolute demand changes every year) (step A1). This demand is given to the linear model from 
appendix G (section 1), which calculates the hourly production data (step A2). This production data is 
used to obtain the hourly GHG emission of the heat production of the DHS (step A3). 
 
Then the consumption of the representative households is changed accordingly (both heating and 
hot tap water are reduced with the amount of savings under study) (step B1). Again, the same 
procedure as in section 2.2.1 is followed to get the hourly demand of the households (step B2-4). 
Finally, equation (10) is used to calculate the household emission rate (step C1). 
 

2.3.5.  Introducing flexibility  

This scenario analyses what would happen if flexibility is introduced, which is one of the core aspects 
of demand side management and the smart district heating system (see section 1.1.6). From the 
consumer perspective, flexibility can come either from behavioural changes (i.e. postpone 
consumption to a time when there are low associated emissions) or from advanced controllers that 
exploit the thermal inertia of buildings (e.g. smart heating systems that turn on the heating at times 
of low prices). 
 
The total demand is the same as in the reference scenario, but now the demand can be shifted in 
time. The linear model that decides which fuels will be used to meet the demand is extended (i.e. by 
incorporating an extra ‘resource’, which can both produce and consume heat). The new linear model 
is described in section 2 of appendix G (Step A1-2). The GHG intensity is calculated exactly the same 
as before (step A3). 
 
The household consumption pattern is calculated as described in section 2.2.1. The total household 
demand is the same as in the reference scenario (step B1). The total hot tap water profile is based on 
the data from appendix E (step B2 – hot tap water), and rescaled to get the needed yearly 
consumption for each household (so it is the same as in the ‘least cost dispatch scenario’) (step B3 – 
hot tap water). The total demand for heating is the total demand for DHS heat minus the total 
demand for hot tap water. The difference with the ‘least cost dispatch scenario’, is that now the total 
demand for DHS heat is more flat as a more flat profile results from using flexibility, so the hourly 
demands for heating have changed to flatten the total demand profile (step B2 - heating). The total 



- 27 - 
 

demand for heating is then rescaled to get the needed yearly demand for heating of each household 
(step B3 – heating). Summing up the household demand profiles for heating and hot tap water (step 
B4) leads to the new demand profile shown on Figure 14 and Figure 15. 
 

 
Figure 14: hourly consumption [kWhth/h] of an average couple in Stockholm after they have exploited their flexibility 

(scale from 0 to 2.5 kWhth). 

 

 
Figure 15: hourly consumption [kWhth/h] of an average family in Stockholm after they have exploited their flexibility 

(scale from 0 to 1.6 kWhth). 

Using equation (10) results in the household emission rate (step C1). 
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3. Results 
This chapter presents the results of the models described in the previous chapter. First, the real-time 
feedback signal with the real-time emission rate of an individual household is determined (see 
section 2.2), answering the first objective. Then, the results of the scenarios are presented (based on 
the assumptions and models from section 2.3), thereby answering the second objective. The results 
are discussed in more detail in the following chapter. The results from the GHG intensity models can 
be found in appendix H because they are not connected to consumers (consumers only see the 
feedback signal with their emission rate). 
 

3.1. Household emission rate for two representative households in 

Stockholm 
This section presents examples of the household emission rates [kgCO2e/hour] for two 
representative households: a couple and a family. It is important to notice that these results are 
based on estimations of the average consumption of Swedish households, as explained in section 
2.2.1. These values are used as      in equation (10).  

 
Using the average emission intensity model (section 2.1.4) to calculate the GHG intensity, which is 
given as input to the model from section 2.2.2, the household emission rate is calculated. Figure 16 
shows the emission rate of a couple consuming 8.757 MWhth per year in Stockholm. The total 
emissions of this couple amount up to 745.384 kg CO2e per year. Figure 17 shows the emission rate 
of a family in Stockholm, consuming 5.640 MWhth per year. Their emissions are 475.504 kg CO2e per 
year. 

 
Figure 16: emission rate [kgCO2e/h] of an average couple in Stockholm using the average emission intensity model. 
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Figure 17: emission rate [kgCO2e/h] of an average family in Stockholm using the average emission intensity model. 

Appendix I gives the figures for the variations in the household emission rates using the average 
emission intensity model. 
 
If the marginal emission intensity model (section 2.1.5) is used to calculate the GHG intensity (which 
is again used in the model of section 2.2.2), the results change remarkably. Figure 18 gives the 
emission rate of the couple, whose emissions amount up to 1632.8 kg CO2e per year. Figure 19 shows 
the emission rate of the family, whose emissions are 986.6 kg CO2e per year. 
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Figure 18: emission rate [kgCO2e/h] of an average couple in Stockholm using the marginal emission intensity model. 

 

 
Figure 19: emission rate [kgCO2e/h] of an average family in Stockholm using the marginal emission intensity model. 

 



- 31 - 
 

3.2. Scenarios for changed consumption in Stockholm’s district heating 

system 
This section describes the results from the models of section 2.3, thereby answering the second 
objective of this thesis. The models represent future scenarios for Stockholm’s DHS in which 
consumers have changed their consumption. In each scenario, the household emission rate is given 
for an average couple and an average family in Stockholm. All scenarios use the average emission 
intensity model. Comparing the results of different scenarios, allows to analyse how accurate the 
feedback signal is and whether it indeed gives lower emission rates to consumers who reduced their 
consumption. Table 7 summarises the total emissions from the different scenarios, the hourly 
emission rates are given in the sections below. 
 

Table 7: summary of the yearly heat related emissions in the different scenarios 

Scenario 
Couple [kg CO2e/year] Family [kg CO2e/year] 

Total [Mton 
CO2e/year] 

Least cost dispatch 770 500 0.907 
Decreased hot tap 
water 

754 477 0.897 

Lower indoor T 700 463 0.820 
Retrofit low 650 419 0.769 
Retrofit medium 439 285 0.517 
Retrofit high 282 189 0.329 
Flexibility 765 497 0.902 

 
The GHG intensities of the heat produced by the DHS are a consequence of the choices of the 
producer and belong therefore to the producer side so they are not given in the main text of this 
thesis. They are given however in appendix H along with an in-depth analysis why the GHG intensity 
changes the way it does because this analysis gives more insight in the scenarios (What is the impact 
of the assumptions and system boundaries? What changes in the feedback signal are consequences 
of changes by the producer and what changes result from the changes of the consumer itself? Etc.). 
 
The first scenario, the least cost dispatch, is the benchmark scenario. The results of all other 
scenarios should be compared with the results of this one, because the feedback signal is strongly 
influenced by the assumptions made to simulate the production data. Therefore, comparing the 
results of scenarios in which consumers changed their consumption with the results from the 
previous section gives a wrong impression (because a large part of the changes in the feedback signal 
are a consequence of the assumptions when simulating the production data and not of the actual 
changes in consumption). The other scenarios study what happens if the consumption (of heating or 
hot tap water or both) is reduced/changed.  
 

3.2.1.  Reference scenario: least cost dispatch  

Figure 20 shows the emission rate of an average couple and Figure 21 of an average family (note the 
difference in scales compared to Figure 16 and Figure 17). The total emissions of the couple and the 
family are respectively 796.737 kg and 499.967 kg CO2e. The total heat related emissions of the 
entire DHS are 0.907 Mton (Megaton = 10^6 ton) per year to produce a total of 10,325 GWhth per 
year. This results in a yearly average emission intensity of 87.6 kgCO2e per MWhth. 
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Figure 20: emission rate [kgCO2e/h] of an average couple in Stockholm in the least cost dispatch scenario (using the 

average emission intensity model). 

 

 
Figure 21: emission rate [kgCO2e/h] of an average family in Stockholm in the least cost dispatch scenario (using the 

average emission intensity model). 
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3.2.2.  Decreased hot tap water consumption  

Figure 22 and Figure 23 give the household emission rate of a couple and a family if everybody 
(including them) reduces his/her hot tap water consumption by 10%. This leads to a reduction in the 
total demand for the DHS (remaining yearly demand is 10,223 GWhth) and a slight change in fuels 
used. The total heat related emissions of the DHS amount up to 0.897 Mton CO2e per year and the 
yearly average emission intensity is 87.7 kgCO2e per MWhth. The couple is responsible for 754 kg and 
the family for 477 kg CO2e per year. 

 
Figure 22: emission rate [kgCO2e/h] of an average couple in Stockholm in the decreased hot tap water scenario (using the 

average emission intensity model). 
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Figure 23: emission rate [kgCO2e/h] of an average family in Stockholm in the decreased hot tap water scenario (using the 

average emission intensity model). 

 

3.2.3.  Lower indoor temperature 

In this scenario, the total demand for heating is reduced by 10%. The remaining demand for DHS heat 
(heating + hot tap water) is 9,452 GWhth. Total emissions to produce this heat are 0.820 Mton CO2e 
(due to a decreased demand and a change in fuels). The yearly average emission intensity decreased 
slightly to 86.7 kgCO2e per MWhth. 
 
Due to the lower demand for heating of the couple and the family, and the changed GHG intensity 
(because different fuels are used), their emissions are respectively 700 kg and 463 kg CO2e per year. 
Figure 24 gives the emission rate of the couple and Figure 25 gives the emission rate of the family 
(note the different scales compared to the previous results).  
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Figure 24: emission rate [kgCO2e/h] of an average couple in Stockholm in the lower indoor temperature scenario (using 

the average emission intensity model). 

 

 
Figure 25: emission rate [kgCO2e/h] of an average family in Stockholm in the lower indoor temperature scenario (using 

the average emission intensity model). 

  



- 36 - 
 

3.2.4.  Better building insulation: retrofitting 

In this scenario, consumers have decided to increase the insulation of their houses in order to reduce 
their demand for heating. 
 
The results of the ‘low retrofit scenario’ are very similar to the ones from the 1° reduction in indoor 
temperature. The emission intensity is a bit lower, as are the household emissions (here is the total 
demand reduced by 13.3% while for the 1° scenario the demand for heating was reduced by 10%). In 
total 0.769 Mton CO2e is emitted per year to produce 8,975GWhth. The emissions of the couple are 
650 kg and of the family 419 kg CO2e per year. 
 
The demand in the medium retrofit scenario is 2,200 GWhth lower than in the low retrofit scenario. 
Total heat related emission of the DHS amount to 0.517 Mton CO2e per year (to produce 6,791 GWh 
of heat). The couple is responsible for 439 kg and the family for 285 kg CO2e per year. 
 
In the high retrofit scenario, the total yearly demand is only 4,555GWhth and total emissions are 
reduced to 0.329 Mton CO2e per year, implying a yearly average emission intensity of 72.2 kgCO2e 
per MWhth. The emissions of the couple are 282 kg and of the family they are 189 kg CO2e per year. 
Figure 26 gives the real-time emission rate of the couple and Figure 27 gives it for the family. (Note 
again the different scales) 

 
Figure 26: emission rate [kgCO2e/h] of an average couple in Stockholm in the high retrofit scenario (using the average 

emission intensity model). 
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Figure 27: emission rate [kgCO2e/h] of an average couple in Stockholm in the high retrofit scenario (using the average 

emission intensity model). 

 

3.2.5.  Introducing flexibility  

In this scenario, the total demand levels remain the same, but the hourly profile changes because 
consumers decide to shift their consumption to times when there are less emissions associated with 
their consumption (demand side management). Because all consumers change their consumption, 
the total demand profile (total demand for DHS heat) becomes more flat (but the absolute demand 
level remains at 10,325 GWhth). 
 
Due to this flatter demand profile, more efficient generation units can be used, leading to a small 
decrease in GHG intensity (the yearly average emission intensity is 87.1 kgCO2e per MWhth). Total 
yearly heat related emissions of the DHS amount up to 0.902 Mton CO2e. The yearly emissions of the 
couple are 765.400 kg and emissions of the family amount up to 496.814 kg CO2e. Figure 28 and 
Figure 29 give the hourly emission rates of the couple and the family. 
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Figure 28: emission rate [kgCO2e/h] of an average couple in Stockholm in the flexibility scenario (using the average 

emission intensity model). 

 

 
Figure 29: emission rate [kgCO2e/h] of an average couple in Stockholm in the flexibility scenario (using the average 

emission intensity model). 
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4. Discussion 
In this chapter, the results from the previous one are analysed in more detail). First, the different 
perspectives are discussed, then the results of the household emission rates and the scenarios are 
analysed. Section 4.4 discusses the time resolution needed for the (data needed for the) feedback 
signal. In section 4.5, the impact of some system boundaries and other methodological choices is 
discussed. This entire chapter thereby answers the third objective: the potential and challenges of 
the feedback signal are determined in terms of its performance (does it give the correct incentives, 
does it reflect changes made by consumers?) (sections 4.1, 4.2 and 4.3and 4.4) and in terms of 
assumptions made when calculating the signal (section 4.5). Finally, section 4.6 explains how the 
household emission rate fits in the concept of a smart city. 
 

4.1.  About perspectives on systems 
Section 1.1.4 introduced the consumer and producer perspective while section 2.1.3 explained the 
difference between the average and marginal perspective. Depending on the goal, the different 
perspectives should be used. If for instance one wants to inform customers about the environmental 
impact they have, a combination of the consumer and the average perspective is best suited. It is 
obvious that you should apply the consumer perspective if you want to inform consumers; because 
consumers can’t do anything with data related to the production side (e.g. giving them hourly 
production data or distribution losses wouldn’t have any benefit because they can’t change those 
features of the system). Using the average perspective is reasonable because you can’t tell exactly 
which consumer is responsible for which emissions (e.g. if there is a peak demand and the producer 
decides to use fuel oil to meet the demand, which consumer is responsible for this ‘last MWth of 
demand’ that has to be met with oil?). The advantage of using the average perspective is that the 
signal reflects the ‘real’ emission (if you add the emission of all households, you get the total 
emissions of the DHS, which is not the case if you use the marginal model). 
 
However, if the goal is to make consumers reduce their environmental impact by reducing or shifting 
their consumption at times with high GHG intensities, a combination between the consumer and the 
marginal perspective is more appropriate. Again, using the consumer perspective is logical. The 
marginal perspective allows informing consumers about how much GHG emissions are saved if they 
reduce their consumption at that time).  
 
For instance: Figure 12 gave the demand profile of the family. They use a lot of hot tap water, which 
is clearly reflected in their demand profile (because the peaks in the demand of the family peaks at 
the same hours when the demand of hot tap water peaks, namely between 4h and 8h and between 
15h and 18h (see appendix E)). Figure 19 gave the emission rate of the family using the marginal 
perspective, and clearly indicated the times when fuel oils are used to meet the demand. 
Combination of both leads to the conclusion that the family can save a lot of emissions by reducing 
their consumption of hot tap water (because this will decrease the amount of fuel oils used). If the 
marginal perspective is used, the family will get a clear incentive to do this, and they will get a much 
lower emission rate if they decrease hot tap water consumption (because the savings in emissions 
are allocated to them). (Note that the ‘decreased hot tap water scenario’ uses the average 
perspective, so the savings calculated there are much lower.) 
 
The producer perspective is not addressed in the main text of this thesis. However, the analysis 
depends strongly on the decisions of the operator of the DHS (e.g. about the merit order, how much 
coal is used, etc.). Therefore, a close cooperation with the producer is needed to get more correct 
estimations. This is certainly a field of study than can (and should) be explored further (see section 
5.3). Because a large part of the feedback signal can be explained by looking at the producer 
perspective, a discussion of the producer perspective is given in appendix H. This appendix is 
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complementary to chapter 3 and to sections 4.2 and 4.3. Especially when analysing the effect of the 
changes in consumption on the feedback signal, it is important to distinguish between the changes in 
the signal caused by actions of consumers and the changes in the signal caused by choices of the 
producers (e.g. to use different fuels). 
 

4.2.  Household emission rates 
This section discusses the results from section 3.1, with a special focus on the variation of the 
household emission rates on different timescales and then discusses the issue of estimating 
household consumption, thereby identifying the first potentials and challenges of the feedback 
signal. 
 

4.2.1.  Discussion of the results  

The intraday variations of the consumption profiles (Figure 11 and Figure 12) is mostly due to the 
consumption of hot tap water (the hourly profile of hot tap water is similar to the one on Figure 35 in 
appendix E). The family has a much lower heating demand, but a higher consumption of hot tap 
water (see Table 4). The total demand of the family is lower than the one of the couple (5.640 
compared to 8.757 MWhth per year). 
 
Because the average emission intensity is more or less constant (with especially low intraday 
variations), the emissions of the family are much lower than the emissions of the couple (475 kg 
compared to 745 kg CO2e per year). Due to the higher consumption in the morning and evening 
(resulting from increased hot tap water consumption at those times), the emission rate of both 
household has a morning and evening peak. In summer, the emission rate is lower than in the rest of 
the year.  
 
From this analysis, it can be seen that the emission rate using the average emission intensity model 
largely reflects the pattern of the consumption (and not of the producer). This means that consumers 
have a direct influence over their emission rate, which gives them an incentive to change their 
consumption. However, as the emission rate shows, there is no strong time signal. This means that 
reductions in consumption don’t necessarily occur at times when they would reduce GHG emissions 
most (i.e. when fuel oils are used to meet peak demands) and that the average emission intensity 
model isn’t very well suited for demand side management in a smart DHS (and smart city) context. 
 
This analysis changes if the marginal emission intensity model is used. Now the GHG intensity is 
much higher at times when fuel oil is used as peaking fuel, leading to a strong incentive to reduce 
consumption when most emissions can be saved. Because the consumption of hot tap water 
coincides with these hours (around 6 and 16h)24, the emissions of the family (which consumes more 
hot tap water) are much higher (they consume a lot at times when the GHG intensity is high). Also 
the emissions of the couple are higher because also they consume more at times when the GHG 
intensity is high (they also use hot tap water). The couple is responsible for 1633 kg and the family 
for 986.6 kg CO2e per year.  
  

                                                             
24

 This identifies the potential of reduction in hot tap water consumption, because that reduction is likely to 
happen at times of peak demands when fossil fuel oils are used. See sections 4.1 and 4.3.1. 
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4.2.2.  Short-, mid- and long term variations in demand and household 

emission rate  

This section discusses the time scales of the variations in demand and their environmental impact. 
Three aspects will be discussed for each time-scale: how large are the changes in demand; how large 
are the changes in the household emission rates; how much of the changes in the household 
emission rates are caused directly by changes of the household and how much of the changes in the 
emission rate are caused by choices of the producer. Table 8: summary of section 4.2.2 gives a 
summary of this section (by giving the answers on the three questions for the three variations).25 
 
Figure 30 shows the total hourly heat production from the production data of Fortum (section 2.1.2) 
in more detail. There are three main ‘cycles’ in this total demand. First of all, there is the intraday 
variation, with peaks during the day. The intraday variation, here defined as the difference between 
the maximum and the minimum production during that day, varies between 2.9 MWth (for the most 
‘constant’ day) and 508 MWhth (for the most ‘varying’ day), with a mean value of about 140 MWth.  
 
A second cycle in the demand is one that has a period of a few days, for instance in the beginning of 
Figure 30, there first are a few days with very high demand (red), then with a lower demand (light 
blue), again high demand (orange), low demand (light blue), etc. The ‘inter-day’ variation, defined as 
the difference between the daily average production levels on two consecutive days, has a maximum 
of 1124 MWth and a minimum of -907MWth. The mean value of the absolute value of the inter-day 
variation is 213MWth. 
 
The third demand pattern is the seasonal variation, with high demand levels in winter, medium 
demand in autumn and spring, and low demand in summer. As can be seen, the seasonal variation in 
demand level is quite high; the demand in mid-summer is lower than 500MWth while it is over 
3000MWth in winter. 

 
Figure 30: Total demand for heat [MWhth] (scale from 0 to 3500 MWhth). 

Each of these three ‘cycles’ has a different cause and they have different impact on the emission 
rates. Appendix I gives the formulas and the figures of the variations in the household emission rates. 

                                                             
25 Note that part of the analysis in this section is based on the results and analysis of appendices B and H. This is 
because this section discusses (amongst other things), which changes in the feedback signal are caused by 
changes of the household consumption and which changes are a result of changes made by the producer. 
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The intraday variation is smallest of the three. In fact, it has the same order of magnitude as the 
demand for hot tap water, which ranges from almost 0 to 450 MWth in one day, see appendix E. This 
means that the demand for heating is more or less constant throughout the day. The environmental 
impact of these short term changes is negligible. The peaking fuels (fuel oil and bio oil) take care of 
this short term variation (see appendices B and H). Because the level of variation is rather small, the 
oils are not used at full capacity a lot (for sure not on a daily basis). Because bio oil has a low EF 
(while fuel oil has a high one) and because their share is quite small, they don’t have an impact on 
the average emission intensity of heat production. Therefore, the intraday variations in GHG 
intensities are very modest.  
 
The intraday variations26 in the household emission rates are on average 0.027 kgCO2e/hour for the 
couple (39.62% of the average emission rate of that day) and also 0.027 kgCO2e/hour for the family 
(107.5% of the average emission rate of that day)27 (see appendix I). Because the GHG intensity of 
the heat of the DHS is almost constant, the intraday variations in the household emission rates are 
mostly a consequence of their changing (hot tap water) consumption (see e.g. Figure 17, the intraday 
changes in the emission rate of the family are a consequence of the intraday pattern of the family 
consumption as given on Figure 12). This is confirmed by comparing the intraday variations of the 
two households. The family, which has a higher share of hot tap water in its total consumption, 
indeed has larger (relative) intraday variations than the couple.  
 
The variation in demand between a few days is much larger (also relative to the absolute demand 
levels). The average absolute inter-day variation28 for the couple is 0.0158 kgCO2e/hour (18.73%) and 
for the family it is 0.0084 kgCO2e/hour (15.51%)29 (see appendix I). However, this average gives a 
wrong impression due to two reasons: first of all, there are large periods with very low inter-day 
variations (e.g. the summer) and secondly the trend (e.g. increasing) in inter-day variations can 
persist for several days, which leads to large variations on a timescale of a few days. 
 
This variation is probably caused by the changing demand for heating with varying outside 
temperatures (which of course makes sense, if it is colder outside, you need more heating). This is 
confirmed by comparing the inter-day variation of the two households. The (relative) inter-day 
variations of the demand of the couple, which has a higher share of heating in its total consumption, 
are larger than those of the family, which has a lower share of heating. The inter-day variation has a 
very high impact on the GHG intensity of the heat production and thus on the household emission 
rates. The reason is that the change in demand is taken care of by units changing their production 
substantially or even switching completely off for a few days (see appendices B and H). Since the 
(absolute and relative) scale of variations is large, this has an important effect on the average GHG 
intensity. Especially in spring and autumn, when these variations are balanced by changing the 
production using coal, the variation in GHG intensity of the heat production can change a lot in a 
matter of days. This means that it can happen that a household doesn’t change its consumption, but 
still its emission rate can change quite a lot. 
 

                                                             
26

 Again, the intraday variation is defined as the difference between the maximum and the minimum value of 
the emission rate of that day for that household. 
27 Maximum intraday variations are 0.119 kgCO2e/hour (101,19%) for the couple and 0.0981 kgCO2e/hour 
(173.93%) for the family. 
28

 The inter-day variation is again defined as the difference between the average values of two consecutive 
days. Because this difference can be both positive and negative, the absolute value is taken for the average. 
29

 Maximum inter-day variations are 0.1252 kgCO2e/hour (111,28%) for the couple and 0.0583 kgCO2e/hour 
(87.19%) for the family. 
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This analysis of the inter-day changes can be seen e.g. on Figure 17 and Figure 12. There are sudden 
changes in the emission rate at the start of the summer (day 150) and at the end of the summer 
(days 260-280). The demand of the family on days with sudden changes was very similar to their 
demand on other days, but still their emission rates changed a lot due to large changes in emission 
intensity (because other plants were started up/shut down). The large peak in emission rate around 
day 30 is a consequence of both changes by the household (they increased their heating 
consumption because it was a cold period) and by the producer (to meet the peak demand, a lot of 
fossil fuel oil was used, leading to high GHG emission intensities). 
 
The seasonal cycle of the demand has of course the largest (absolute and relative) ‘amplitude’. The 
variation is a result of the overall change in weather. The change in demand results in complete units 
shutting down or starting up (see appendices B and H). The impact on the GHG intensity depends on 
the exact nature of the merit order (which fuels are used at what times). In the Fortum Värme 
production data, there is no big impact, only in the beginning of the summer the GHG intensity is 
lower (but late-summer, spring, autumn and winter have more or less the same intensities). This is 
because in the merit order, fuels with low EF and high EF alternate (implying that there are always 
fuels with high EF and with low EF used, so the total average is more or less constant) (see 
appendices B and H). Therefore, seasonal changes in emission rates are a consequence of changes in 
household consumption and not of changing GHG intensities (see again by comparing Figure 17 and 
Figure 12: the seasonal variation in emission rate can be almost completely explained by changes in 
consumption) 
 

Table 8: summary of section 4.2.2 

 
Change in demand 

Change in emission 
rate 

Responsible for 
changes in emission 

rates 

Intraday 
Small, caused by 

changes in hot tap 
water consumption 

Modest, depending on 
fraction of hot tap 

water consumption in 
total household 

demand 

Household 

Inter-day to a few days Quite large, caused by 
changes in heating 

demand 
Large 

Partially producer, 
partially the household 

itself 
Seasonal 

Large Large 
Household (can change 

in some scenarios) 

 

4.2.3.  Real-time household consumption estimation 

The results presented so far are based on the average consumption of Swedish households. 
However, the ‘real’ signal will need to be based on the actual consumption of households. 
Unfortunately, the household consumption can’t be measured directly, as the only measurement 
points are at the DHS substation in the building (see section 1.1.1). Therefore, several related 
parameters will have to be measured on a household level, whose values are used to allocate the 
(measured) consumption of the building to individual households. This method will obviously lead to 
indicative values, whose accuracy will as best be acceptable for indicative purposes, especially 
because the signal can’t be too data intensive30. 

                                                             
30 If a complete model of the building would be known (with all data about the topography, the insulation 
values of the walls etc.), the heat flows could be modelled if some extra parameters are measured (e.g. the 
indoor temperature in each room), which results in an accurate estimation of the heating consumption). 
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The preferred method to calculate individual household consumption is to either use full scale 
building modelling (modelling the thermal flows through the building, calculating the losses to the 
environment and the heat requirements in each flat to maintain the desired temperature) or to use 
an experimental model with some measured parameters (measuring the household consumption 
and some parameters for a while, designing an experimental formula and then estimate the 
household consumption later using the formula and the parameters). Neither of those options is 
applicable here (due to the building specific characteristics of the first method and the measurement 
of household consumption needed for the second method), so, the allocation model presented in 
section 2.2.1 is only very indicative. It uses data that will be measured in several flats in Stockholm 
Royal Seaport. The measured units are: 
 
- The thermal power at the primary side31 of the heat exchanger between the DHS and the building 

(see section 1.1.1) [kW] 
- The current temperature setting of each radiator [°C] 
- The indoor temperature at each flat [°C] 
- The thermal power of hot tap water per household [kW] 
 
There will be one additional parameter used in the allocation formula: 
- The temperature of a ‘hot’ radiator (when the indoor temperature is below the set temperature, 

the radiator will be hot in order to heat up the air in the flat and it is assumed that the 
temperature of this hot radiator is constant for all radiators) 

 
The allocation model that can be used with these parameters is given in section 2.2.1. The only 
parameters in the model over which a household as direct influence are the consumption of hot tap 
water (of that household) and the setting temperature of each radiator (of that household). The 
temperature of hot radiators is a constant and the indoor temperature is measured, although it 
indirectly depends on the setting temperature of radiators too. Therefore, this allocation formula 
clearly gives an incentive to reduce the consumption of hot tap water and to lower the setting 
temperature of radiators.  
 
The ‘performance’ of the allocation formula under the different scenarios is discussed in section 
4.3.3.  
 

4.3.  Scenarios for changed consumption in Stockholm’s district heating 

system 
The real-time household emissions are calculated for each scenario to see if the signal gives the 
needed incentives and reflects the changes made by consumers (is the household rewarded for its 
effort?).The discussion below addresses only the consumer perspective (how the household emission 
rate changes). However, changes in the emission rate are a result of changes in the consumption of 
the household and of changing GHG intensities (due to different fuel usages). This second aspect 
belongs to the producer perspective and is therefore not discussed in the main text of this thesis. 
However, it is important to understand this producer side in order to analyse what is due to the 
producer side and what is due to the change in household consumption. The signal only incentivises 
a change in household consumption, so the potential of the signal is related only to the changes 

                                                                                                                                                                                              
However, this makes the signal very complicated to calculate because a dedicated model is needed for each 
building, which is obviously not possible. 
31 Measuring at the primary side of the heat exchanger means that the losses of the heat exchanger are 
counted as ‘consumption’ (and that consumers pay for them). Alternatively, the secondary side of the heat 
exchanger can be measured (as is currently done, see section 1.1.1). 



- 45 - 
 

made by the consumer. Section 4.2.2 clearly identified which changes in the feedback signal are due 
to the consumer and which are a consequence of changes made by the producer. The producer side 
of each scenario is addressed in appendix H. 
 

4.3.1.  Discussion of the results  

The family consumed more hot tap water and less heating (see table Table 4), so its emissions are 
reduced more in the scenario with decreased hot tap water consumption (6 kg compared to 1 kg for 
the couple) but less in scenarios with decreased heating demand (lower indoor T and the retrofit 
scenarios). 
 
The hourly emission rate barely changes in the reduced hot tap water scenario (compared with the 
reference case, the least cost dispatch), both for the couple and the family. After all, the total 
demand of the family changed with only 4.75% and this is even lower for the couple (2.11%), so it is 
logical that the emission rate doesn’t change visibly. 
 
In the decreased indoor temperature scenario, the emission rate is almost always reduced in 
absolute levels (note the different scales of the graphs compared to the reference scenario). The hot 
tap water consumption becomes relatively more important (because the demand for heating is 
reduced), leading to higher intraday peaks (especially for the family, which consumes a lot of hot tap 
water).  
 
In the high retrofit scenario, both the demand for heating and hot tap water are reduced, so the 
entire emission profile is shifted downward (there aren’t more pronounced peaks). However, the 
emission rate in summer (relatively) increased due to a higher GHG intensity in summer in that 
scenario (see appendix H section 6). This means that even though the households decreased their 
consumption in summer compared to the other seasons, they weren’t ‘rewarded’ with lower 
emission rates. 
 
When the flexibility is exploited, the peaks in emission rate (e.g. around day 35) are eliminated (due 
to the flatter demand profile of the household and the lower GHG intensity). 
 
An extra remark about the hot tap water scenario has to be made. When comparing Figure 36 (with 
the demand for hot tap water) and Figure 47(with the marginal emission intensity), one can see that 
they have one important thing in common: morning (4-8h) and afternoon/evening (15-18h) peaks. 
The analysis of the marginal emission intensity model in appendix H shows that around these hours, 
heavy fuel oils are bunt (as peaking fuels). Because they are last in the merit order, a change in 
demand will lead to a change in oil consumption with associated high changes in emissions. This 
analysis points at a large potential for emission savings by reducing hot tap water, because 
reductions in hot tap water are likely to reduce the usage of heavy fuel oil (and associated large 
reductions in emissions). 
 
However, as shown in Table 7, the estimated savings are only very modest and also the household 
emission rates barely change. This is due to simplifications in the modelling of the producer side, 
which greatly affect the usage of heavy fuel oil (see appendix H), thereby breaking the correlation 
between hot tap water consumption and usage of heavy fuel oil. This implies that savings in hot tap 
water consumption won’t reduce the usage of fuel oils that much, leading to rather small savings in 
GHG emissions. However, it is likely that in reality the savings from reduced or shifted demand for 
hot tap water are considerably larger than the ones that are predicted here (because in reality there 
is a link with heavy fuel oil consumption). 
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The remarks of section 4.2.2were based on the outcomes of the original production data, but most of 
them hold for all scenarios. For all scenarios, the intraday variations in emission rates are always 
small and they are always caused directly by changes in consumption. The day-to-day variation in 
emission rate is in all scenarios higher than the intraday and in all scenarios it is partly determined by 
the producer. The analysis of the seasonal cycle however changes compared to section 4.2.2. This is 
partially due to the simplifications when modelling the production data (see appendix G and H) and 
partially due to changing trends at the producer side.  
 
The changes due to the simplifications are ‘cancelled out’ by comparing the results of the scenario 
with the benchmark scenario and not with the results of section 3.1. The changing trends at the 
producer side are revealed by the scenarios with large demand reductions. In those scenarios, the 
producer chooses to use almost exclusively waste (with associated high emissions) in summer (see 
appendix H). This means that although the households have lower demands in summer, their 
emission rates still are (more or less) the same as in the rest of the year (so in those scenarios, the 
seasonal variation in the household emission rate is a consequence of two opposing trends: 
consumers reduce consumption and the producer increases the emission intensity, which leads to a 
constant emission rate). 
 
Concerning the potentials and challenges of the feedback signal, the following conclusions can be 
made based on the results of the different scenarios. The signal gives more or less correct incentives, 
but there is room for improvement. The signal correctly rewards a ‘general’ decrease in consumption 
(e.g. lower indoor temperature). However, the usage of flexibility (reducing consumption when most 
emissions would be saved) is not rewarded that much because the time-incentive is missing if the 
average GHG intensity model is used. (see also section 4.2.1 for a discussion of this time-incentive). 
Also, the incentive for hot tap water reduction is low, but as explained, this is due to the 
simplifications in the simulation of the producer side and not an inherent feature of the feedback 
signal,. Finally, the fraction of total consumption that is used for hot tap water has an effect on the 
emission rate and thus on the incentive. 
 
Generally, the signal gives lower emission rates when consumers reduce their consumption and vice 
versa. However, this is not necessarily the case, as the ‘high retrofit scenario’ revealed. Also the 
discussion in section 4.2.2 indicated that the feedback signal can change (quite a lot) even though the 
household doesn’t change its consumption. This is a ‘dangerous’ effect because people might not 
understand it, misinterpret the signal and make bad decisions (e.g. increasing the setting of their 
thermostats or take longer showers because their feedback signal says that they have lower 
emissions then usual). Or people might stop ‘trusting’ the signal. 
 
Given the fact that only two households were used for this thesis, the results should be treated with 
care. Especially the numerical results (e.g. the amount of savings in the different scenarios) are not 
‘general conclusions’ (2 samples can hardly be called ‘statistical relevant’). Therefore, the remarks 
above focussed more on trends than on actual changes (e.g. ‘if the hot tap water consumption 
increases, there are more intraday variations’). Although it seems that those conclusions are valid32, 
they should still be seen within the limitations of this thesis, and more extensive modelling and 
testing might be required to reach final conclusions. 
  

                                                             
32

 Apart from the analysis of the emission rates of the two households, some conclusions are also based on an 
analysis of the production data (which are much more certain than the emission rates), which improves the 
reliability of the conclusions (especially the conclusions about who is responsible for which variations in the 
signal are backed-up by the analysis of the production data). See appendices Band H for the analysis of the 
production data. 
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4.3.2.  Comparison with other studies:  

Shahrokni et al. (2014) used the same simulated production data is used for this thesis to study the 
potential for retrofitting Stockholm’s building stock. They found that if all buildings in Stockholm 
were retrofitted to meet the current building codes (for newly built buildings), this would decrease 
GHG emissions by 35% (down to 20% in 2030 when the coal fired power plant is shut down). This 
outcome is similar to the results from the ‘medium retrofit scenario’ (see section 3.2.4), where the 
heat related emissions were decreased by 41%. However, Shahrokni et al. assumed that 20% of the 
total demand for district heating comes from hot tap water while the share of hot tap water 
consumption in the total consumption of the family was 47,43% and for the couple it was 21.13%. 
The share of hot tap water in the total demand for the DSH (using the hot tap water demand for 
833,899 households) was only 12%. 
 

4.3.3.  Real-time household consumption estimation: challenges  

So far, the real-time signal performs more or less acceptable. However, the problems start when the 
household consumption has to be estimated using formula (9) because the consumption can’t be 
measured directly (see sections 2.2.1 and 4.2.3). 
 
The reduction of the hot tap water will be correctly translated because the hot tap water is measured 
on a household level. Therefore, if a household reduces its consumption (while all the heating 
remains the same and all other households don’t change their consumption), this is correctly 
reflected in the estimated household consumption, resulting in a correct representation in the real-
time feedback signal with the household emission rate. 
 
In the decreased indoor temperature scenario, the          of a household (constant i, for all j in that 

household) would decrease by 1°. This will only have an immediate effect if due to this decrease the 
setting temperature becomes equal to or less than the indoor temperature. In the other case, the 
allocated consumption won’t change, which might confuse households (they decrease the setting 
temperature, but their estimated consumption remains the same and so is their emission rate). This 
is because the effect of the decreased setting temperature lies in the fact that it will take less time to 
reach the desired temperature, so their consumption in the future will decrease33. But this ‘time lag’ 
might be difficult to explain to households, especially given the ‘real-time’ nature of the signal. 
However, since the GH intensity is rather stable (especially on short term), this time lag won’t change 
allocated emissions much. Note that the thermal inertia of buildings also introduces a time lag (if the 
settings are changed, the measured building level heating consumption won’t change immediately). 
 
The performance of the signal in the retrofit scenarios is even more ‘obscure’. If a household on itself 
decides to improve the insulation of their flat (e.g. install new and better insulating windows), this 
will have a similar effect as the decrease in set temperature. Due to the decreased heat losses, it will 
take less time to reach the desired temperature, so again the allocated total consumption over a 
certain time will decrease. If however an entire building is retrofitted, the reduced allocated 
consumption will be mainly due to a lower measured total consumption (Q) (because it takes less 
time for each household to reach the desired temperature, the allocation ‘weight’ factor stays the 
same as it is a relative factor). 
 

                                                             
33

 This reflects the assumption of the formula about the temperature of a hot radiator. Independent of the set 
temperature (as long as it is above the indoor temperature), the temperature of the radiator remains constant, 
so the ‘real’ consumption (according to this assumption) will also remain the same, which is why the allocated 
consumption also remains the same. 
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The results of the flexibility scenario are difficult to estimate. If the shift in consumption is a shift in 
hot tap water consumption, the allocation will happen correctly. If the shift in consumption happens 
by decreasing the demand for heating, it will be tricky due to the combination of a shift in time with a 
time lag. 
 
The next question is whether the allocation formula suffers from a free-rider effect34. For hot tap 
water, this is obviously not the case (because it is measured). For heating, there is a possibility that 
not all efforts of one household are allocated to that household. Suppose one household decreases 
its indoor temperature. This will lead to a decreased measured total consumption (Q), a decrease in 
the denominator for all households and in the numerator of that household. Only if they change 
proportionally, the allocated consumption will be correct35. This proportionally seems logic, but in 
reality it might not be the case. 
 
The biggest problem of all is the accuracy. From the previous analysis it can be concluded that the 
allocation is more or less correct. The problem is that the total saved emissions can be quite low. For 
instance, the emissions of the couple decreased by 2.1% (16kg) in the ‘decreased hot tap water 
consumption’ scenario. In the scenario that exploits the flexibility, the relative savings are much 
lower, about 0.6%. The errors made by the allocation formula are much larger for sure (due to the 
assumption about the temperature of hot radiators, the assumption of constant heat transfer 
coefficients, ...). Therefore, the allocation formula should be handled with very great care (although it 
gives more or less correct incentives, the accuracy isn’t good enough to account for small changes). 
 

4.4. What time resolution is needed?  
Based on the analysis above, a few more things can be said about the time resolution needed. The 
term ‘real-time’ often appeared throughout this thesis, and as said section 2.1.2 this thesis used an 
hourly time resolution because that was the time resolution of the production data. The question is 
whether this is good enough or not. 
 
Concerning the real-time GHG intensity, it seems that an hourly time resolution is good enough for 
the average emission intensity model due to the low intra-day changes (see section4.2.2). If the 
marginal intensity model is used, it is important to accurately get the time when the heavy fuel oils 
are no longer used because then the marginal emission intensity changes dramatically. However, 
apart from this big change, there isn’t much variation in the marginal model either so an hourly time 
resolution seems fine. 
 
Things get more complicated when the household consumption has to be estimated. A difference 
has to be made between hot tap water and heating consumption. The demand of hot tap water has 
extremely large variations on very short time frames (e.g. when you take a quick shower). The data 
from the energy agency (Swedish Energy Agency, 2009) had a time resolution of 5 minutes, and this 
seems to be needed to accurately capture the dynamics of hot tap water consumption. 
 
The time resolution needed for heating is very difficult to estimate. On the one hand, the thermal 
inertia of the building means that no fine-grained time measurements are needed. On the other 
hand, savings of all kinds (e.g. decreasing the setting temperature of the radiators) are captured by 

                                                             
34 Where other people benefit from effort by one person/household. 
35

 E.g. 10 household are each consuming 10 kWh/day (i.e. total consumption is 100kW/day and the weight of 
each household is 10%). If one household decreases its temperature leading to a decrease in 10% of the 
consumption of that Household (i.e. it’s consuming 9kWh/day), the total measured consumption will be 
99kWh/day. Only if the new average weight over the day of that household becomes 9/99 and of all other 
households it stays 10/99, the 1kWh saved will be allocated to that household. 
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the amount of time the setting temperature is higher than the indoor temperature, implying that the 
timing should be rather accurate to correctly estimate those savings. Therefore, it seems that the 
best time resolution for estimating heating using the proposed allocation method is to sample 
changes to the parameters, rather than constantly monitoring them36. 

4.5.  The impact of system boundaries, assumptions and methodological 

issues 
An aspect that was ignored during the previous discussions is the electricity produced by the CHP 
units. The analysis focussed on the GHG intensity of the heat production alone. However, changes in 
the heat production of CHP units will also have an impact on the electricity output. This has an 
important environmental impact. The electricity produced from CHP units has a high environmental 
value because it has a relatively low emission intensity, much lower than conventional coal fired 
power plants. Lundström et al. (2014) pointed at the strange effect that a reduction in the demand 
for district heat can actually increase emissions because when the heat output from CHP units 
decreases, also the electrical production decreases and the electricity has to be produced 
somewhere else (because the electricity demand stays the same), possibly in a coal fired power 
plant. 
 
A second important simplification was the fact that distribution losses and inertia are neglected. This 
means that the total measured consumption isn’t equal to the total production so that if the 
emission intensity of production is multiplied by total consumption, there are ‘missing’ emissions. 
Because those losses can be significant (on average 11% in Sweden in the 2000s according to the IEA 
(2013)), taking them into account will have a major impact. However, doing so requires detailed 
knowledge of the distribution system and location of production plants and major load centres (e.g. 
because load close to a plant will lead to lower losses, so the losses should be allocated less to that 
load). The impact of the thermal inertia of the distribution system might distort the ‘real-time’ value 
of the signal. 
 
The system boundary in this thesis was set at the DHS of today, thereby ignoring all future changes to 
the DHS. As mentioned before, Fortum Värme is taking several initiatives to decrease their emissions. 
Due to the construction of the new biomass CHP unit (KVV8) and a new waste CHP unit (KVV7), the 
total emissions in Stockholm will decrease with 151,000 ton CO2e per year (Levihn et al., 2014b). The 
combined effect of all planned changes in production capacity will be that the average GHG intensity 
in 2030 is about half the current one (Shahrokni et al., 2014). These changes will of course affect the 
analysis of the potential for the feedback signal (especially the accuracy will be more challenging). 
 
The spatial boundary used has an important impact on the analysis. In this thesis, the spatial 
boundary was in fact not really coherently set. The emission factors used had a global boundary (LCA 
was used to account for emissions in the entire fuel chain). However, two important consequences of 
having a global system boundary were neglected (implying that for the rest of the thesis, the spatial 
boundary was set to Stockholm).  
 
First of all, on the European level there is a cap on emissions, so when emissions are reduced in the 
DHS in Stockholm, they are likely to increase somewhere else in Europe, leading to decreased overall 

                                                             
36

 When the indoor temperature changes, this affects the allocation method, so the timing there has to be 
accurate, but as long as the indoor temperature remains constant, it doesn’t really matter. Similar for the 
setting temperatures of the radiators. Note that because the values of all household in the same buildings are 
in the denominator of the equation, a change anywhere in a household must be reflected in the allocation of 
all households in the building. 
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savings37. Secondly, there is the issue of climate compensation mentioned in section 1.1.2., in which 
Fortum Värme reduces emissions somewhere else in the world to compensate for their emissions in 
Stockholm (These saved emissions can then be attributed to the DHS38, which thereby reduces its 
‘net’ environmental impact see footnote 3 on page - 5 - for an explanation of this ‘Clean 
Development Mechanism’). These reductions (and the EU ETS cap) were not taken into account in 
this thesis.  
 
Because addressing these two issues is very tricky, Levihn (2014a) argued that only the local 
emissions should be included in calculations about the cost and benefits of different investment 
options (in which case also the emission factors should only account for direct emissions and not for 
LCA emissions). Others (e.g. Värmeforsk, 2011) stress the importance of LCA type of savings and 
propose to use those for analysing environmental situations.  
 
Another problem is the emission factor of electricity. The main issue is that you can’t tell where 
electricity comes from, and that there are many different production plants with very different 
emission intensities. Depending on the EF you chose for electricity, you get very different results. For 
instance, Levihn (2014a) calculated the effect of different scenarios for the coal fired power plant 
(co-firing biomass in different percentages, closing it etc.) using different GHG intensities of the 
alternative electricity production. It turned out that depending on the perspective you take, a 
different option is best. Similarly, Lundström et al. (2014) found that the intensity of the Stockholm 
DHS varies between 70 and 110 gCO2/kWh depending on the EF used for electricity.  
 
Also several other assumptions have an important impact and it might be difficult to get realistic 
values. For instance, determining emission factors and energy densities (in case the amount of fuel 
used is given in tons) is complicated without accurate data (what type of coal is used exactly? What is 
‘shredded waste’? etc.). Or what CHP allocation method is used (there seems to be no scientific 
consensus on which one is ‘best’). For this thesis, a sensitivity analysis was done on some emission 
factors and on the CHP allocation method. The results of that analysis are given in appendix J. Using 
different CHP allocation methods leads to changes of 50 to 200% in the GHG intensity of heat (so also 
to changes of 50 to 200% in the household emission rate because the consumption is just a constant 
factor). Also changes in the emission factor39 lead to large changes in the GHG intensity and in the 
emission rate. 
 
Olsson et al. (2015) looked at the impact of different methodological choices. They conclude that 
GHG calculations can suggest anything, depending on the method and assumptions used for the 
analysis. They suggest that when analysing the environmental impact of (changes to) the DHS, local 
conditions should be taken into account as a DHS is local in nature (due to the limited transport 
capabilities as losses become too high when transporting heat over large distances). 
 

                                                             
37

 The EU ETS (Emission Trading System) system imposes a cap on the total GHG emissions in the EU. The cap 
decreases every year, leading to decreasing GHG emissions in the EU. However, this also implies that if less 
greenhouse gasses are emitted in the DHS in Stockholm, the emissions somewhere else in the EU will increase 
by the same amount (if the reduction of the cap is neglected). Bottom line is that there will always be as much 
emissions as allowed by the ETS system, so savings in Stockholm on top of the decreasing cap will just lead to 
increased emissions somewhere else. This issue is partially discussed by Levihn (2014a). 
38 Note that the European Commission wants to reform the system which allows to attribute emissions saved 
outside the EU to companies in the EU. (European Commission, 2015b). 
39

 In appendix J , a sensitivity analysis is done for the EF of electricity. It turns out that this will just shift the 
entire emission rate up or down, so it won’t affect the dynamics much (just the scale is shifted up- or 
downwards). However, if you also account for the electrical side of the DHS (production of electricity from CHP 
units, alternative electricity production if the output of the CHP units change,...), the EF of electricity might 
have a (much) larger impact. 



- 51 - 
 

4.6.  The feedback signal in relation to smart cities 
The feedback signal (giving the household emission rates) that has been discussed so far fits in many 
concepts related to a smart city. The signal uses ICT to give real-time feedback to consumers about 
their environmental impact, which allows them to reduce this impact (if they desire to do so), which 
in turn can lead to behavioural changes. 
 
In section 1.1.5, several concepts of ICT in smart cities were introduced. The signal clearly is an 
example of so-called environmental informatics because the signal uses data about fuel usage and 
translates them into a feedback for consumers so they can reduce their environmental impact. Also 
sustainable human-computer interactions are envisaged with this signal because the goal of the 
feedback signal is to induce behavioural changes for the consumers of the DHS (the goal is to make 
them reduce their consumption, especially at times when there are a lot of emissions associated with 
their consumption).  
 
If the signal is ‘brought to the next level’, much more becomes possible. For instance, it has been 
shown that all consumers are different and that customised feedback achieves the best result (see 
section 1.2). Therefore, it seems a good idea to try to customise the signal to the consumer 
(depending on his/her interests, motivation, educational background etc.). This probably can lead to 
even more savings, especially if also the rest of their ‘DHS connection’ is customised (e.g. offer 
variable tariffs, offer contracts suitable for demand side management etc.). This is then a good 
example of the ‘mass customisation’ of products (each consumer gets what he/she wants). Ideally, 
consumers are fully involved in the real-time operation of the DHS, making it a smart DHS (see 
section 1.1.6). This would be an example of the ‘more complicated operation of systems’ mentioned 
in relation to smart cities (see section 1.1.5). Because of the involvement of consumers, they get fully 
aware of their impact and have all tools they need to reduce their environmental impact. 
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5. Conclusions, recommendations and further research 

5.1.  Conclusions 
In this thesis, a real-time feedback signal for the DHS about the GHG emissions related to heat 
consumption of households is developed. Furthermore, the potential and challenges of this signal 
were discussed, both theoretical (i.e. is the signal accurate, does it capture important trends, gives it 
correct incentives etc.), and practical (i.e. what organisational problems can be expected? Are there 
problems to get the necessary data? Etc.). 
 

5.1.1.  Household emission rates  

The household emission rates [kg CO2 per second], being the emissions for which the household is 
responsible (consumption * GHG intensity), were calculated using both the average and marginal 
perspectives. For households that consume a lot of hot tap water (the ‘family’ in this thesis), a clear 
daily pattern is visible (morning & evening peaks) throughout the year. This is not the case for 
household whose main consumption is heating (the ‘couple’ in this thesis). 
 
Using the average perspective, variations are rather limited. Within one day, the emission rates 
change by a few tens of percentages. The intraday variations are caused by the changing 
consumption, especially the changes in the consumption of hot tap water. This means that families 
with a high hot tap water consumption can face rather high relative changes, especially in summer 
when the demand for heating is almost zero. 
 
The variations between two consecutive days are on the same order of magnitude, but the 
difference is that those changes are cumulative (e.g. if on day 1 the average emission rate is 100 and 
the inter-day variation for the next days is 70%, than on day 2 the emission rate is 170, on day 3 it is 
289 and on day 4 it is already almost 500). Inter-day changes are a consequence both of changes in 
demand (changing demands for heating due to weather differences) and of changes in production 
(using different fuels changes the greenhouse gas intensity of the heat produced by the DHS). 
 
Seasonal variations are of course largest and are a consequence of large changes in (heating) 
demand. 
 
Using the marginal perspective, the pattern from the marginal GHG intensity is repeated in the 
household emission rates. For hot tap water intensive households, this pattern is even amplified due 
to the higher consumption (of hot tap water) in morning and afternoon/evening. The variations, on 
all timescales are much higher, as is the ‘average emission rate’ of a household over the entire year 
(i.e. the attributed emissions are much higher). 
 

5.1.2.  Potential and challenges of the real-time signal 

Several scenarios were used to test the potential and challenges of the signal to stimulate 
behavioural changes. However, due to limited detail about the producer side (operation of the DHS), 
the results are not very accurate.  
 
The feedback signal giving the household emission rate was shown to give more or less correct 
incentives (the signal is higher if the consumption is higher). However, if the average emission 
intensity model is used, there is no strong time-incentive (there is almost no incentive to reduce 
consumption when most emissions could be saved). The incentive for a reduction in hot tap water 
consumption depends on the share of hot tap water in the total consumption of the household. In 
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this thesis, the incentive for reduced hot tap water consumption decreased due to methodological 
simplifications. 
 
Generally, consumers have control over their emission rate (so the feedback signal reflects changes 
in consumption). However, this might not always be the case because the feedback signal also 
changes if the producer starts using different fuels. This might be confusing for consumers (e.g. if 
they decrease their consumption but still the feedback signal increases). 
 
There are many other challenges for the signal. The most important one is that the consumption of 
individual households can’t be measured and thus has to be estimated using allocation methods. 
Although those methods can give the correct incentives, their accuracy isn’t good enough to inform 
households about their savings (because the savings are often only a few percentages and the 
accuracy of the allocation won’t be that good). Free-rider-effects can’t be ruled out. 
 
Also the ‘real-time’ aspect poses some serious challenges. Concerning the GHG intensity, little 
problems are expected due to the more or less stable GHG intensity (and because the data is in real-
time available at the producer anyway). The consumption of hot tap water should be measured on a 
very small timescale (about 5 minutes) due to the very dynamic demand profile. The consumption of 
heating is more difficult to estimate. For the heating allocation method, the additional problem of a 
time lag was discovered (if household reduce the temperature settings of their radiators, this might 
not have a direct effect).  
 
Finally, the impact of certain system boundaries is very significant. Especially the electrical side of the 
DHS should be accounted for in the real-time signal (changes in heat demand will also lead to 
changes in electricity production). Also the distribution losses and the time lag due to the thermal 
inertia of the network should be introduced. Both these items should be done in very close 
collaboration with the operator of the DHS. Finally, the spatial system boundary should be set 
coherently. Either you opt for a global boundary (implying LCA to determine the emission factors of 
the fuels and allowing climate compensation by the EU ETS or the CDM) or you chose for a limited 
system boundary (i.e. Sweden) (only accounting for local emissions when fuels are bunt and not 
allowing climate compensation). 
 

5.2.  Recommendations 
Based on the previous analysis, some recommendations can be made. The most important one is 
that depending on the goal you’re trying to achieve by using the signal, a different methodology is 
needed. If the purpose is only to give household a rough indication about their emissions, the 
average emission intensity should be used and allocation of building-level consumption seems good 
enough. If the goal is to get as much savings as possible, the marginal emission intensity should be 
used (due to the stronger time-incentive) and the allocation method should give accurate incentives 
(avoiding free-riders etc.) but not accurate information (i.e. measuring of the consumption seems not 
needed). Finally, if the signal is meant to give information to households about the emissions they 
saved by decreasing or shifting their consumption, direct measurement of the consumptions seems 
necessary and the average emission model seems most suited (because it might prove difficult to 
exactly allocate emission savings to individual consumers). 
 
In all above cases, a close cooperation with the operator of the DHS is needed to account for 
distribution losses and accurate production data. Depending on the desired accuracy, the time 
resolution should be set. Probably, hourly production data, minute-level hot tap water consumption 
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and real-time40 heating consumption is best. A discussion41 about the electrical side of the DHS is 
needed. 
 

5.3.  Further research 
Further research is needed on two levels. First of all, the signal itself should be developed further. As 
mentioned above, further research in close collaboration with the operator of the DHS is needed to 
get better input data (account better for the producer side of the signal) and account for more 
aspects of the DHS (distribution losses, electricity). Using a more extended methodology to calculate 
the signal, more ‘samples’ (representative households for which the feedback signal is calculated) 
should be calculated and analysed to verify the conclusions from this thesis. Also the household 
allocation method (to estimate the household consumption) is still a field where research is needed 
(depending on the goal of the signal, see above). 
 
Secondly, the effect of the signal on consumers should be studied. There is no clear result in 
literature about to what extend consumers will change their consumption behaviour as a 
consequence of the feedback signal (and probably it is very case specific). A field test is probably 
needed to estimate the potential of the signal. Also the exact type of feedback should be determined 
(online, in-house display, detailed feedback on monthly bill,...). 
 
  

                                                             
40 See section4.4, changes in the current situation should be sampled rather than doing constant monitoring of 
the consumption. 
41

 E.g. Up to what extend do changes in heat demand result in changes in electricity production and electricity 
related emissions? How to avoid double-counting of electricity emissions if signals for both heat and electricity 
are used? How to determine the emission factor of electricity (marginal – average & Swedish – Nordic – mix, 
accounting for import from Germany etc.). Etc. 
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Appendices 
 

A. A smart district heating system in Stockholm? 
The DHS in Stockholm is owned and operated by Fortum Värme (see section 1.1.2). Section 1.1.6 
introduced the concept of a ‘smart DHS’. This section looks whether such a ‘smart DHS’ is feasible in 
Stockholm (in terms of [economic] incentives for the different parties). 
 
Because Fortum Värme is a vertically integrated company (doing production, distribution and retail), 
this is a pure monopoly situation (see footnote44 for a short discussion of the ‘open district heating’ 
initative). Therefore, the DHS in Stockholm can suffer from typical monopoly problems, most 
importantly a lack of incentives for innovation. The profit of a monopolist is guaranteed (the 
monopolist can set the prices as he likes, often their profits are regulated by an independent 
regulator, but even then a monopolist usually has a guaranteed profit) and therefore, they don’t 
have any incentive to increase the system efficiency or to implement innovative ideas (Biggar and 
Hesamzadeh, 2015). Consumers of the DHS have no other option than to pay the tariffs Fortum 
Värme sets if they want to use its heat (of course they can chose to get their heat from other 
sources, such as small scale heat pumps, a small pellet boiler etc.). 
 
The Swedish District Heating association (2009) noted that the prices of district heating in Sweden 
are usually set to undercut the prices of alternative heating systems (to avoid consumers to change 
to those alternative heating solutions) and there don’t reflect the true costs of the DHS42. They note 
that “The debate, and cases handled by the district heating board, reveals that there exists an 
opinion that district heating companies in urban areas, such as Stockholm, might be taking some 
advantage of their dominant position.” (Swedish district heating association, 2009, pp. 5-6). Hansson 
(2009, pp.5-6) also came to that conclusion. 
 
Due to this lack of incentive for Fortum Värme, it seems unlikely that they will take the initiative to 
make the needed changes (such as new ICT, a shift in the role of the consumer etc. see section 1.1.6) 
to transform the DHS in Stockholm to a smart DHS. 
 
But also on the consumer side, there are some barriers. As said in section 1.1.1, consumption is only 
measured on a building level. As noted in section 1.1.6, this leads to problematic incentives for 
consumers to change their consumption as needed in a smart DHS (because due to a lack of accurate 
measurement, consumers can’t be properly ‘rewarded’ for their changes). Also, consumer 
investments related to a smart DHS (such as a small storage unit in the basement or a new ‘smart’ 
heating controller) are difficult (again due to the problematic rewarding of consumers and also 
because many investments, such as a new heating system, are usually needed for a whole building 
rather than for one household living in a building). 
 
Both problems (monopolistic producer and consumption that can’t be measured) lead to inefficient 

operation of the system (the producer chooses too high prices and the consumers chose a too high  

  

                                                             
42 This is an indication that they are exercising market power, as in a ‘perfect competitive system’ the price 
should reflect the true costs. In basic economic theory it is proven that perfect competition (with prices set by 
the marginal costs) is the social optimal system (Biggar and Hesamzadeh, 2015). 
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consumption due to the ‘tragedy of the commons’43). It is exactly therefore that IEA (2013) pushes 
for a further liberalisation of the district heating market in Sweden, allowing third-party access to the 
network44, separating production and distribution, allowing consumers to choose between different 
suppliers etc. (Hansson, 2009, pp.6) also advocates for third-party access) 
 
This liberalisation would open the market for other producers but also for all sorts of ‘energy service 
companies’. Those companies can offer different contracts to consumers (e.g. a real-time price) or 
can give them specific feedback about their energy performance (from a financial and environmental 
point of view), thereby starting the transformation to a smart DHS. It would also open up possibilities 
for new energy companies that foster the synergies from connecting the DHS with the electricity 
system (e.g. use the flexibility of the heating system and offer it to the electricity system through the 
use of heat pumps (which then become flexible loads for the electricity system))45 and possibly for a 
many other innovative ideas. 
 
  

                                                             
43 It is a notorious problem in economics, described almost all basic economic books, for instance by Decoster 
(2010). There are several examples, for instance the emission of GHG. It is the total (global) amount of GHG 
emissions that matters and everybody knows that it is bad to emit them. However, nobody has an (economic) 
incentive to reduce them, as it is an extra cost for your company but everybody shares the benefits (less 
climate change), so others benefit from your effort (and you don’t get the full benefit from your own effort). 
Therefore, you won’t reduce your emissions, thinking ‘others will do it, and I will still get the benefits of 
decreased emissions without having to invest myself’. Of course, as everybody will think like this, nobody will 
reduce emissions.  
The same applies for reducing your consumption in an apartment block: everybody benefits from your effort, 
and you don’t get the full benefit (the reduction of the bill is shared between everybody), so you won’t 
decrease your consumption (hoping that others will do it, and you still get a lower bill), leading to the situation 
where nobody reduces his/her consumption at all and the total level of consumption is too high (compared to 
the ‘economic optimal situation’. 
44 The ‘Open district heating’ initiative is a first step in this direction of third party access. However, the idea of 
this initiative is that third parties can sell heat (e.g. waste heat from industry) to Fortum Värme at “the market 
price” and then Fortum Värme will sell this heat to consumers (Fortum Värme, 2013). Since there is no market, 
it is unclear what is meant by “the market price” and it is relatively easy for Fortum Värme to exercise even 
more monopoly power (they can pay very low prices to third party producers, because those parties don’t have 
another option than to sell to Fortum Värme (or spill their heat)). 
45 Note that this transformation can also happen under a monopolistic situation. Liberalisation isn’t a 
precondition for this transformation, it just ensures that companies face the right (economic) incentives. But if 
a monopolistic company somehow also gets these incentives (e.g. by changed regulation), they can also initiate 
the transformation to a smart DHS. 
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B.  Production data by Fortum Värme 
The production data used in this thesis are introduced in section 2.1.2. This appendix describes them 
in more detail. The production data set is a file with hourly values of heat (and electricity) production 
from different fuels. The data is given by Fortum Värme (2014d), who simulated realistic data for 
2015.  
 
Table 9 summarises the overall usage of the different fuels in the production data. Note that the 
column ‘efficiency’ gives the ‘fuel utilisation ratio46’ (FUR) for CHP units, the ‘coefficient of 
performance47’ (COP) for heat pumps and the efficiency for the heat only boilers (HOB). In total, they 
produced 10352 GWh heat (compared to real values of 7505 GWh in 2014 (Fortum Värme, 2014b) 
and 8200 GWh in 2013 (Fortum Värme, 2013)) and 2055 GWh electricity. 
 

Table 9: production data, total efficiencies and energy densities (when fuel consumption was given in ton). Note that the 
column ‘efficiency’ gives the FUR for CHP production, the COP for heat pumps and the efficiency for the HOB production. 

fuel heat 
[GWhth] 

electricity 
[GWhel] 

fuel 
[GWhfuel] 

efficiency [-] energy density 
[MWhfuel/ton] 

wood chips 1896.654 684.047 3212.294 0.803 3.528 

waste 1692.763 338.790 1999.204 1.016  

shredded waste 1133.101 140.861 1344.822 0.947  

coal 1101.595 526.316 1751.312 0.930 7.556 

wood pellets 831.975 178.320 913.336 1.106 4.667 

bio oil 503.906 0.000 585.862 0.860 10.528 

olives 292.829 139.907 412.081 1.050 4.167 

Fuel Oil 1 70.933 37.812 121.657 0.894 11.839 

Fuel Oil 5 50.464 8.848 70.227 0.845 11.968 

recycled chips 375.411  354.161 1.060  

peat 239.565  260.397 0.920  

bio gas 8.300  8.300 1.000  

electric resistor 0.583  0.589 0.990  

heat pump 2153.721  649.417 3.316  

own 
consumption 

  530.755   

 

                                                             
46 The ‘fuel utilisation ratio’ or FUR is a factor indicating the efficiency of CHP units.      

   

 
 with Q the 

produced heat, E the produced electricity and F the fuel used. The FUR isn’t a ‘real’ efficiency because the 
amount of heat and electricity produced are added, and although both are expressed in a unit of energy (e.g. 
MWh), adding different sorts of energy should be avoided due to the difference in quality of the energy 
(exergy). For instance, the conversion from electricity to heat can have an efficiency of 100% while the 
conversion of heat to electricity is limited by the Carnot efficiency which is a result of the second law of 
thermodynamics. Note that the FUR is always smaller than 100%. (D’haeseleer, 2014) 
47 The ‘coefficient of performance’ or COP is a factor indicating the performance of a heat pump.      

  

 
 

with    the amount of useful heat produced and E the amount of electricity consumed. It isn’t an efficiency 

because the definition of an efficiency is 
    

   
 with      the energy that comes out of the unit (in this case equal 

to   ) and     the energy that is put in the unit (in this case equal to E +    with    equal to the low quality 
heat e.g. extracted from the ground)). Therefore, an efficiency is always lower than 100% while the COP can be 
higher than 100% (because the input of low quality heat isn’t taken into account). 
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The consumption of some fuels was given in ton per hour, while others were given in MWh per hour. 
The energy densities used to convert these production data to energy equivalents are given in Table 
9 as well. They are taken from Värmeforsk (2011) and the European Commission (2008) and 
compared with results from Swedish Energy Agency (2012), European Union (2012) and Värmeforsk 
(2012) to verify them. There is a rather large spread on the values of the different sources so the 
conversion of weight to energy introduces a source of uncertainty on the results. 
 
At first sight, it might seem strange that the efficiencies are higher than 1 (or 100%). This is due to 
the way in which the energy content of a certain fuel is determined. There are two ways to calculate 
this so called ‘heating value’: the lower heating value (LHV) and higher heating value (HHV). The 
difference between the two is the energy released when condensing the water vapour from the flue 
gasses. The reported data are based on the LHV (not accounting for this condensation energy) as this 
is usually done in Europe (the US uses mostly the HHV). (Beér, 2006) 
 
However, many of the boilers in which the fuels are burnt do use flue gas condensation, releasing 
additional energy. Because the energy content of fuels is calculated using the LHV, but you do extract 
the energy from the water vapour, the efficiency can be higher than 100% (if you would use the HHV 
to quantify the energy in the fuel, the efficiency would be lower than 100%). 
 
The hourly heat production using each fuel is given in Figure 31 shows the hourly heat production 
using the different fuels and Figure 32 shows the heat load duration curve48 for the data of Fortum 
Värme. Waste (afvall), shredded waste (bränslekross), wood chips (flis), wood pellets (träpellets), 
olive residues (oliver), coal (kol), bio oil (bioolja) and heavy fuel oils (Eo5 and Eo1, Eldingsolja 5 and 
Eldingsolja 1) are used in combined heat and power (CHP) units to produce heat and electricity. 
Recycled wood chips (returflis), peat (torv), biogas (biogas), electricity used by heat pumps (HP, 
värme pump) and electricity burnt in resistors (EP, el pump) is used in heat only boilers (HOB). 
They also have an own consumption of electricity to operate the system, for instance for the pumps 
to circulate the water in the pipes.  
 
Waste (normal and shredded) is used for the base load throughout the year. In the winter, wood 
chips, olive residues, coal, recycled wood chips and heat pumps take care of the mid-load, following 
the daily variations. Wood pellets are somewhere between mid and peak load, while the oils (bio oil, 
Eo5 and Eo1) are used for peak load. In spring and autumn, the wood pellets and oils are no longer 
used as the heat pumps and coal take over the peak load. In summer, waste incineration is the main 
source of heat, while wood chips and heat pumps provide the (small) variations. The role of biogas is 
difficult to determine due to its very small capacity (1.4MW). It seems that it operates as full capacity 
in winter and provides some peak loading in summer. The same remark applies for the electric 
resistors (EP), although that is used even less. 
 
Therefore, the merit order49 is assumed to be: waste (normal and shredded), wood chips, olives, coal, 
recycled wood chips, heat pumps, wood pellets, peat, bio gas, bio oil, fuel oils (1 and 5) and the 
electric resistors. Levihn (2014a) reported a similar merit order: waste CHP, biofuel CHP 
(corresponding to wood chips and olives), waste HOB, coal CHP, wood chips HOB, heat pumps, peat 
HOB, pellets HOB, bio oil HOB, fossil oil HOB. The major difference is that some fuels are HOB fuels in 

                                                             
48 A load duration curve shows the production levels of different hours sorted according to the total production 
from high to low. Therefore, it is a strictly decreasing curve and allows to identify the different roles (baseload, 
mid-load, peaking unit) of the different fuels. 
49 The ranking of different production units in increasing costs is called the ‘merit order’ of a certain production 
capacity. As the goal usually is to minimise production costs, you start using the cheapest units and add more 
expensive units as needed to meet the demand. (Biggar and Hesamzadeh, 2015) 
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Levihn’s report, while they are treated as CHP fuels here. Also wood pellets (as HOB fuel) appear 
after peat in Levihn (2014a), while here it is the other way around. 

 
Figure 31: hourly heat production of the DHS of Stockholm based on the data from Fortum Värme (2014d). 

 

 
Figure 32: load duration curve of the heat production of the DHS of Stockholm based on the data from Fortum Värme 

(2014d). 
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C. Emission factors 
The data described in appendix B gave the amount of fuels burned to produce heat and electricity. 
This amount of fuels was expressed in (or converted to) energy equivalents. The so-called ‘heating 
value’50 of a fuel is defined as the amount of (heat) energy that is released when the fuel is burned. 
Therefore, it is the energy inherent contained in the fuel itself. When discussing whole energy 
systems on the other hand, it is necessary to also account for energy that is needed to extract, 
transform and transport the fuel from its source (e.g. a mine) to the generating unit. This is done in a 
‘life cycle analysis’ (LCA). 
 
A simplified life cycle with is illustrated in Figure 33. First, an energy resource (fuel energy) is 
extracted from a certain source (e.g. a coal mine). This resource is then prepared (e.g. grinded, 
transported etc.) to be used as fuel in a later stage. This preparation requires energy (auxiliary 
energy) 51. The fuel is then converted to useful form of energy (useful energy) (e.g. to electricity in a 
power plant)52. This form of energy can then be used to meet a given demand (e.g. for lighting).  
 
Primary energy is defined as the total energy needed to produce an amount of useful energy. Note 
that this does not equal the sum of the ‘fuel energy’ and the ‘auxiliary energy’, because the ‘auxiliary 
energy’ is another useful form of energy (e.g. electricity), which has a similar upstream life cycle.  

 
Figure 33: simple life cycle and different types of energy involved. 

The so-called ‘primary energy factor’ (PEF) is defined as the amount of primary energy per unit of 
useful energy. In theory, this PEF should be bigger than 1 since from a physical point of view, the 
primary energy is always bigger than the fuel energy (or you are creating energy in the fuel chain). 
However, in practice this PEF can be smaller than 1. For instance the PEF of waste typically has a 
value close to zero. This is because the majority of the primary energy in the life cycle of the waste is 
attributed to the usage of the product and not to the waste fuel that is burned in the power plant. If 
the power plant doesn’t burn the waste, the primary energy is still needed because the product still 
is used by the customer. Therefore, the ‘practical’ PEF is smaller than 1.  

                                                             
50 As mentioned in appendix B, the LHV is used in the production data and throughout this thesis, as this is 
usually done in Europe (the US uses mostly the HHV). (Beér, 2006) 
51 in theory, this auxiliary energy also has an entire fuel chain since it is in fact a ‘useful energy’ as appears at 
the end of another fuel cycle. 
52 Note that the law of conservation of energy states that the sum of the useful energy and the losses equals 
the ‘fuel energy’ (MJuse + MJloss = MJfuel). 
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Emission factors (EF) describe the amount of greenhouse gasses released when consuming energy. 
They are typically expressed in kgCO2e per MWh (kilogram CO2 equivalent per MegaWatthour) or 
gCO2e per MJ. The EF can describe the direct emissions or the total life cycle emissions. The direct 
emissions are the emissions that are emitted directly at the location where the fuel is burned (e.g. at 
the chimney of the power plant). However, the EF can also describe total emissions (direct + 
indirect), summing all emissions during the life cycle of the fuel (so e.g. also accounting for the 
emissions from the transport of the fuels). Such an EF is calculated based on life cycle analysis (LCA). 
 
Different LCA-studies get different EFs due to different system boundaries in for LCA. Table 10 gives 
an overview of several EFs found in literature (Table 2 in section 2.1.2 gives the EFs used for this 
thesis, which are mostly the ones from study 3). 
 
Table 10: reported emission factors in gCO2e per MJ (‘fuel energy’) by various studies. Study 1 and 6 data are expressed 

per MJ of electricity, study 5 data per MJ of ‘useful energy’ and study 7 didn’t take a LCA approach. Sources, see 
footnote53. 

 1 2 3 4 5 6 7 8 9 10   average 

electricity 24 81 27             77   52.25 

coal   107 107   400 900  94 94 91 116   238.63 

fuel oil 1   81 80      750 75 56   81   187.17 

fuel oil 5   84 82      750 75 77   84   192 

natural gas 111 69 69   150  460 56   56.5 69   130.06 

Waste   28 33         48 33 28   34 

wood chips   4 2.3   22.5  70     0 4   17.13 

wood 
pellets 

  5 5.2   22.5       0 7   7.94 

RT flis   3 0.9      70     0 4   15.58 

bio oil   3 0.2             7   3.4 

peat   120 118           107 120   116.25 

biogas     7.5   40       0 7   13.75 

olives       6.57           4   5.285 

 
  

                                                             
53 Sources of the different EF’s:  

1 Levihn, 2014a 5 Cherubini et al, 2009 9 Knutsson et al, 2006 

2 Miljövärdering, 2012 6 Weisser, 2007 10 Sweden green building council, 2014 

3 Värmeforsk, 2011 7 Van de Vate, 1997 
  4 Intini et al, 2011 8 Obermosen et al, 2009 
  Source (3) described EF’s for different types of waste. The number here is the average of the different 

categories. Also for biogas, different categories are used. The number is the average of the categories biogas 
from food waste, from municipal waste and from sewage treatment sludge. 
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D. CHP Allocation 
CHP units produce both heat and electricity from the same fuel, so there is no exact way to allocate 
them to one of the end products. Therefore, there are several ways to do this allocation: the direct 
energy, direct exergy, indirect energy, indirect exergy, alternative production and the economic 
allocation methods are described. Note that allocating fuel is equivalent to allocating emissions 
because the difference between the two is just the emission factor of that fuel. The remainder of this 
section discusses the needed data and methods to do this emission allocation. 
 

Data for CHP allocation  

Section 2.1.1 gave the data for the alternative production allocation method. Below are data for the 
other allocation methods. 
 
The economic method divides emissions and fuel usage based on the economic value of heat and 
electricity. Therefore, the price of the electricity and heat are needed. Since the economic allocation 
method isn’t used for further analysis, only a static average price is used. The price of electricity is 
assumed to be 400 SEK/MWh (Energimarknadsinspektionen, 2014) and 30054 SEK/MWh for heat 
(estimated from Fortum Värme, 2015c). 
 
The exergetic allocation methods divide the emissions and the fuel based on the quality of the 
produced heat (exergy). To do so, they need the temperature of the produced heat (which is 
assumed to be 90°C) and the outside temperature. The outside temperature is based on data from 
the SMHI, which provides 8 hourly temperatures (6, 12 and 18h) for Stockholm (SMHI, 2015). The 
data of 2013 are used since this is the last year with complete data. These data are expanded to an 
hourly value by interpolating between them (based on the FFT interpolation method). The 
interpolation is shown in Figure 34. 
 

 
Figure 34: interpolation of the outside temperature [°C]. 

 

The allocation formulas  

The discussion below presents two (equivalent) formulations for each of these allocation methods. 
The first one is based on the absolute amount of electricity (E) and heat (Q) produced per hour and 

                                                             
54 Reported prices differ considerably. Fortum Värme reports that they will charge only 4 SEK/MWh (VAT 
excluded) to customers who chose for climate neutral district heat (Fortum Värme, 2015b). While Hansson 
(2009) mentions prices of about 600 SEK/MWh. 
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calculates the shares of GHG emissions for electricity or heat production. The other formulation is 
based on the hourly electric (  ) and heat (  ) efficiencies of the CHP unit and results in the 

emission intensities of the electricity and heat produced. For the direct energy allocation method, the 
proof of equivalence between these two formulations is presented. A similar procedure can be used 
for each allocation method. Unless otherwise stated, the first formulation is based on 
Miljöfaktaboken (Värmeforsk, 2011) and the second formulation is based on the framework of 
D’haeleseer (2014) and of the AMPERE commission (2000). The advantage of the first formulation is 
that it often allows a more ‘intuitive’ interpretation, while the advantage of the second formulation is 
that is directly gives the GHG intensities. 
 
The symbols used are:  

F: fuel burnt 
GHG: absolute greenhouse gas emissions 
EF: emission intensity of the fuel 
 
E: electricity produced 
GHGE: absolute greenhouse gas emissions allocated to electricity production 
CE: GHG intensity of the electricity produced in the CHP unit (=GHGE/E) 
CE’: GHG intensity of electricity produced in separate production (=EF/  ) 
  : electric efficiency of the CHP unit (E/F) 
  : electric efficiency of separate electricity production using this fuel (alternative electric 

efficiency). The used values are given in Table 3(section 2.1.1). 
  : share of total emissions allocated to electricity production (=GHGE/GHG) 
  : (wholesale) price of electricity 
 
Q: heat produced 
GHGQ: absolute greenhouse gas emissions allocated to heat production 
CQ: GHG intensity of the heat produced in the CHP unit (=GHGQ/Q) 
CQ’: GHG intensity of the heat produced in separate production (= EF/  ) 

  : heat efficiency (Q/F) 

  : heat efficiency of separate heat production using this fuel (alternative heat efficiency). 

The used values are given in Table 3(section2.1.2). 
  : share of total emissions allocated to heat production (=GHGQ /GHG) 

  : (wholesale) price of heat 

 
RFES: relative fuel energy savings (fuel energy is the energy physically contained in the fuel) 
 

The direct energy allocation method allocates emissions pro rata between the produced heat and 
electricity as can be seen in equations (11) and (12). Therefore, the GHG intensities (emissions 
divided by heat or electricity production) of the electricity and heat production are equal, which is 
clear from equation (13).  
 

    
 

   
 

(11) 

 

 
    

 

   
 

(12) 

 

 
       

  

      
 

(13) 

 

The equivalence between the two formulations ((11) and (12) compared to (13)) is proven by 
equation (14) for CE. A similar procedure can be followed to prove the equivalence of CQ. 
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(14) 

 

An alternative derivation goes as follows. The definition of sE is used to get a different expression for 
sE in equation (15). Equation (16) starts from equation (11) and divides numerator and denominator 
by the fuel consumption to express sE in terms of efficiencies. Equating (15) and (16) leads to 
expression (17), which can be solved to obtain CE as in equation (18). It can be readily seen that 
equation (18) is exactly the same equation as equation (13) from the second formulation, which 
proves the equivalence of the two formulations. (a similar derivation can be made for CQ). 
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 (18) 

 

The direct exergy allocation method is similar to the direct energy method, the only difference is that 
emissions are allocated based on the exergy produced instead of the energy.  
 
Exergy, called ‘availability’ in US literature, is a concept that takes the quality of energy into account. 
This is especially important when dealing with heat because the second law of thermodynamics 
poses an upper limit to the usage of heat. Intuitively, this can be easily explained. Suppose you have 
1 kWh electricity and one 1 kWh of heat (e.g. a certain amount of hot water). The electricity can be 
used for many different purposes, lighting, transportation,... The electricity can also be converted to 
heat with an efficiency of (in theory) 100%. With the hot water on the other hand, you can do much 
less, so it has a lower exergy.  
 
If you were to convert the hot water to electricity, there will be an upper limit on the efficiency due 

to the second law of thermodynamics. The limit is the Carnot efficiency, which is equal to   
  

  
 with 

   the (absolute) temperature55 of the heat sink (typically the environment) and    the (absolute) 
temperature of the heat source, in our example the hot water. It can be seen that this Carnot 
efficiency is always smaller than 1 since the heat sink must have a temperature lower than the 
temperature of the heat source.  
 
The exergy is equal to the energy multiplied with a ‘quality factor’, which is equal to this upper limit 
on the efficiency. Therefore, the exergy of electricity, chemical energy etc. is equal to its energy. For 

heat on the other hand, this upper limit is smaller than 1. For heat,          
  

  
 , with EX the 

exergy and EN the energy of the hot fluid. Therefore, the formulations change only slightly compared 
to the direct energetic allocation, only this quality factor is multiplied with the heat production to get 

                                                             
55 absolute temperatures are e.g. temperatures expressed in Kelvin 
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equations (19) and (20). Due to this quality difference, CE and CQ are no longer equal as can be seen 
in equations (21) and (22). 
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 (22) 

 

The indirect energy allocation method is one of the two ‘indirect’ methods. They calculate the 
emission intensities based on the emission intensities of the separate production of heat and 
electricity. CHP generation has lower emissions than separate production, and this difference is 
subtracted from the ‘separate’ intensities. The total difference can then be allocated to heat or 
electricity. And as the name already suggests, in the indirect energy method, this difference is 
allocated pro rata according to the produced electric or heat energy. 
 
The emission intensity of alternative (separate) electricity production using the same fuel (CE’) is 
simply EF/   (the emission intensity of the fuel divided by the amount of electricity per unit of fuel, 
which yields the emission intensity per unit of electricity). Similar, the emission intensity of 
(separate) alternative heat production (CQ’) using the same fuel is EF/  . 

 
The saved emissions because of the CHP units are equal to the saved primary energy multiplied by 
the emission factor. To generate E units of electricity, you need E/   units of primary energy in 
separate production and E/   units of primary energy in CHP production. Similar for heat 
production. Therefore, the total fuel energy savings (FES) can be calculated like in equation (23). 
Note that that in the CHP unit, the same F units of fuel energy produces E units of electricity and Q 
units of heat. Therefore, you should only include one of the terms E/   or Q/   (since both equal F, 

including both would lead to 2*F). The relative fuel energy savings (RFES) are the total primary 
energy savings per unit of fuel, which lead to expression (24). 
 
 

     
 

  
 

 

  
 

 

  
  

 

  
 

 

  
 

 

  
 

 

(23) 

 

 
      

   

 
  

  

  
 

  

  
 

  

  
   

  

  
 

  

  
   

(24) 

 

The saved emissions are equal to EF*FES and the relative saved emission are equal to EF*RFES. In the 
indirect energy allocation method, these emission savings are allocated pro rata with E and Q, so in 
the second formulation, the relative emission savings are distributed equally between the electricity 
and heat production (because it deals with intensities, so emissions divided by E or Q similar to what 
happened in the direct energy method). Equations (25) and (26) give the emission intensities 
according to the second formulation. The indirect methods don’t have an easy formula according to 
the first formulation (describing the share of emissions allocated to electricity or heat production), so 
these formulas are omitted (they can be derived easily by using equation (15)).  
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The derivation of the indirect exergy allocation method is exactly the same, the only difference being 
that the saved emissions are allocated based on exergy instead of on energy. As was the case with 
the direct energy and direct exergy methods, the only difference is the Carnot efficiency which 
appears in heat-related terms, as shown in equations (27) and (28). Again, no easy formula according 
to the first formulation exists, so this formulation is omitted (but can easily be derived if needed). 
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The alternative production allocation method (also called the benefit distribution method (Nuorkivi, 
2010)) allocates emissions based on the separate production of heat and electricity, as can be seen in 
equations (29) and (30) (Shahrokni, 2014; Värmeforsk, 2011). I derived the second formulation, 
equations (31) and (32) myself. 
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 (32) 

 

 
The economical allocation method allocates emissions based on the economical value of electricity 
and heat. More emissions are allocated to the one of the two which has the biggest value (the idea is 
that the CHP units operates mostly for the type of energy (heat or electricity) that has the biggest 
value). The economic value is approximated56 by the revenue generated by that type of energy, 
which is the product of the (wholesale) price and the amount of that type of energy produced, as can 

                                                             
56

 It is an approximation, since the economic value is in theory the profit, which is revenue – cost. The revenue 

is represented by the price (revenue for electricity =  
 

*E and revenue for heat =   *Q) but the costs are 

omitted because it typically is very difficult to allocate costs of CHP units to electricity or heat production. (e.g. 
the steam turbine and the generator are clearly a cost belonging to the electricity production, but what with 
the boiler and the pipes?) 
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be seen in equations (33) and (34) (wholesale prices because that are the prices that the generator is 
paid for). I derived the second formulation, equations (35) and (36), myself. 
 
 

    
    

         
 

 

(33) 

 

 
    

    

         
 (34) 

 

        
  

            
 (35) 

 

        
  

            
 (36) 

 

 
Several other allocation methods exist. For instance the power bonus allocation method (also called 
the ‘penalty method’ (Nuorkivi, 2010)) allocates all emission savings the heat production (it assumes 
that the emissions of electricity are the same as for separate production) (Värmeforsk, 2011). This 
method isn’t a ‘fair’ method because it allocates all savings to one of the end products (a similar 
method exists which allocates all savings to electricity by assuming that the emissions of the heat 
production are the same as for separate production (D’haeseleer, 2014)). 
 
 
  



xiv 
 

E.  Hot tap water consumption in Stockholm 
To analyse the effect of certain changes in demand (e.g. lowering the indoor temperature or 
retrofitting badly isolated buildings), the total demand for heat should be split up between a 
demand for heating and a demand for hot tap water. Both use heat from the DHS and as only the 
total consumption is measured, there is no way to know what the demand for each of them is.  
 
The Swedish energy agency has measured the hot (and cold) water consumption in 44 
households in detail for a period of a few months (Swedish Energy Agency, 2009). Of those 44 
households, 9 lived in flats and 35 in single houses. They also measured the consumption of a 
whole building block (‘bostadsrättsföreningen’) with 110 flats and 148 inhabitants.  
 
The demand varies widely between different households, both in total volume as in the times in 
which the water is used. Because the demand profile of the whole building block represents the 
largest set of households measured for a long period, this profile was used to construct the total 
demand for hot tap water. Based on analyses of all data, there seemed to be no major change in 
demand profile in different months. Therefore, an average weekly demand was calculated and 
this was converted to a demand profile per household (with 148/110 inhabitants). 
 
The previous analysis was all about the volume of hot water. However, what matters for the DHS 
is the energy needed to heat this water. The average measured temperatures57 (57° for hot 
water and 11° for cold water) were used to calculate the (average) weekly energy demand. This 
demand profile (per flat of the building block, so with 148/110 or about 1.35 inhabitants) is given 
in Figure 35.  

 
Figure 35: energetic demand for hot tap water per flat (with 148/110 inhabitants) 

The yearly demand for hot tap water was obtained by just repeating the weekly demand of Figure 
35, as there seemed to be no major change in demand levels between different months. To get the 
total demand, this profile has to be multiplied by the total number of flats (or inhabitants) connected 
to the DHS. This information is not available, so two approaches were followed. First, Fortum Värme 
reported that the average household consumes 9000kWh per year (Fortum Värme, 2014b) and since 
the total production of 2014 was 7505GWh, this would lead to 833,889 ‘average’ households.  
                                                             
57 The difference between the energy demand using average temperatures and real measured ones (for the 
period in which both volume and temperature was measured), ranged between + 8% and -8% (especially the 
peaks were higher using the real temperature). 
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A second approach is based on the total amount of people connected to the DHS. In ‘large’ 
Stockholm, there live about 2 million people and since 74% of the multifamily dwellings is connected 
to the DHS, (Shahrokni et al, 2014), a rough estimate would mean that there are 1,480,000 people 
connected (note that this is an overestimation as not all people live in multifamily dwellings and the 
market share for single family houses is only 8%). 
 
At times when the total heat demand (from the production data) exceeded the simulated demand 
for hot tap water, the demand of hot tap water was reduced to the level of the total demand. Figure 
36 and Figure 37 show the resulting demand profiles.  

 
Figure 36: hourly energy demand [MWh/h] for hot tap water for 833,899 households. 

 

 
Figure 37: hourly energy demand [MWh/h] for hot tap water for 1,480,000people. 
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F. Household power consumption allocation for heating 
The model for heating is based on the equation for convective heat transfer (37). The model 
estimates the thermal power of each radiator using this equation. The heating consumption of a 
household is then estimated as the sum of the thermal powers of each radiator in their flat. 
 
               (37) 

Where Q is the thermal power [W], h is the convective heat transfer coefficient [W/(m²*K)], Th is the 
temperature of the hot side [K] and Tl is the temperature of the cold side [K]. (Van Den Bulck, 2012) 
 
The equation used for the heating allocation is equation(8), repeated as equation (43). The derivation 
is given to explain the assumptions made by the equation. Equation (38) is pretty straightforward, 
the consumption of household i equals the consumption of household i divided by the sum of the 
consumptions of all households multiplied with the total heating consumption (note that the total 
heating consumption is equal to the sum over all individual households). 
 
In equation (39), the heating consumption of a household has been replaced with the sum of the 
heat consumption of the radiators of that household. Equation (40) expands the previous one by 
assuming that the heat transfer is dominated by convection (ignoring conduction and radiation). 
Equation (41) gives the assumption about the temperature of a radiator: it is a constant high 
temperature if the radiator is supposed to heat the flat and equal to the indoor temperature else. 
Filling in this assumption in equation (40) leads to equation (42)58, which further assumes that the 
convective heat transfer coefficient and the area of each radiator and are equal. As those (coefficient 
and area) appear in each term as a product, they can be skipped from the equation, leading to the 
final equation (43), which is the same as equation(8). 
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58 Note        
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Where 
          : heating consumption of household i [kWth] 

        : total heating consumption of the building [kWth] 

    : heating consumption of radiator j in household i [kWth] 

    : convective heat transfer coefficient of radiator j in household i (later assumed to be 

constant for all radiators -> h) [kWth/(m²*K)] 
    : surface area of radiator j in household i (later assumed to be constant for all radiators -> 

A) [m²] 
        : temperature of radiator j in household i (later assumed to be as given by equation 

(41)) [K] 
         : the indoor temperature of household i [K] 

        : the set temperature of radiator j in household i [K] 
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G. Simulating production data 
This appendix explains how the production data for the different scenarios are simulated. To analyse 
scenarios in which the demand changes it is important to know which fuels will be used more or 
less59. Therefore, a simple linear optimisation model is used. The model decided which fuels should 
be used to minimise fuel costs for the operator.  
 

1. The basic linear model  

The model assigns a variable cost to heat production from each fuel (e.g. 10kr / MWhth) and takes 
some technological constraints (maximum installed capacity and maximum ramping rates) into 
account. Also the total usage of biomass fuels and is limited. The total capacity of heat pumps is 
divided in a cheap part (200MWth) and a more expensive part (the total capacity – 200 MWth). The 
cheap part is cheaper than coal and the rest is more expensive than coal. This is to avoid that coal is 
used in summer instead of heat pumps60. 
 
This simple model is tuned to get (almost) the same outcome as the original hourly production data 
(of section 2.1.2 and appendix B). The installed capacities and ramping constraints are directly 
calculated from the production data (the highest production is assumed to be the installed capacity 
and the highest upward and downward change in usage of one fuel is assumed to be the upward and 
downward ramping constraint). The total availability of the energy-limited fuels is the quantity of this 
fuel that was used in the production data.  
 
Waste incineration is treated differently than the other fuels. This is due to the difficult storage of 
waste (which means that it must be burnt) and the low (even negative) fuel cost. Therefore, the 
variable cost of heat production by waste (normal and shredded) is assumed to be 0 but the hourly 
incineration is limited to the hourly usage in the original simulated data (to account for the storage 
difficulties). This means that if the demand level allows it, waste will be used exactly the same as in 
the original simulated data (as it is the cheapest fuel and its upper limit is the original usage). In the 
event where the demand is lower, the heat production using waste will decrease as well (being last in 
the merit order, this means that no other fuel is used any more). 
 
The mathematical formulation of the optimisation problem is the following61: 

            

 

   

    

   

 

Subject to: 

        

 

   

 

                                                             
59

 Note that this decision is part of the producer perspective on a DHS. But because changes in consumption 
(the consumer perspective) will affect the producer part as well, this producer side has to be modelled. So in 
fact, this section explains how the producer side of the DHS is modelled in this thesis. 
60

 So the reason is purely technical. The model doesn’t assume fixed costs, minimum operating levels etc. This 
means that if coal is cheaper than heat pumps, which is the case as coal is lower in the merit order, then coal 
will be used in the summer, while the original production data show that heat pumps are used (and coal is shut 
down). This is probably due to the low operating levels (only a bit of heat is needed, so it isn’t profitable to use 
the coal fired power plant with high fixed cost at this low output). Since fixed costs are not modelled, coal 
would be used in summer. To avoid this, a part of the heat pumps is made cheaper than coal (so this part is 
used in summer time), while the rest stays at the higher price. (So the merit order becomes in fact: cheap heat 
pump, coal, recycled wood chips, expensive heat pump) 
61

 Note that the temporal resolution is again 1 hour, as was the case for the original production data. 
Therefore, the units used are MWh etc. 
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Where 
t is the hour (one year is simulated so t goes from 1 to 8760) 
f is the fuel type 
n is the number of fuels in the model (15 in this case, the 14 from the production data plus the 

cheap heat pump) 
   is the (variable) cost of using that fuel. A fixed value per fuel is assumed (e.g. the price for 

electricity varies in reality, but this isn’t taken into account) [SEK/MWhth] 
     is the amount of heat produced in hour t using fuel f [MWhth] 

   is the demand at hour t [MWhth] 
     is the installed capacity of heat production using that fuel (note that the time period is one 

hour, so if Q is expressed in MWh and K in MW, the conversion factor from capacity energy 
is 1). For all fuels but waste, the installed capacity is constant (equal to the maximum 
production in the original data). For waste,      is the hourly production in the original 

production data. For the heat pumps, the capacity of the cheap heat pumps is 200MW and 
for the expensive one it is the remainder. [MWth] 

  
     is the maximum downward ramping (maximum reduction in output between two 

consecutive hours, due to thermal stresses). It is equal to the largest reduction for that fuel 
in the original production data (for the heat pumps, the ramping limit from the original data 
is distributed pro rata between the cheap and the expensive heat pump). [MWhth/h] 

  
  

 is the maximum upwards ramping (maximum increase in output between two consecutive 

hours, due to thermal stresses). It is equal to the largest increase for that fuel in the original 
production data (for the heat pumps, the ramping limit from the original data is distributed 
pro rata between the cheap and the expensive heat pump). [MWhth/h] 

   is the maximum heat than can be produced of fuel f (for biomass fuels it is assumed that 

there is maximum amount of fuel available). Note that this constraint isn’t added for every 
fuel. [MWhth] 

 
Note that fixed costs, start-up and shut-down cost, minimum stable operating levels, the topology of 
the system (transmission losses and constraints) etc. are not modelled. This implies that the 
outcomes are only indicative, and should be treated with great care. In order to construct a more 
realistic model, more economic and technical data about the DHS are needed. 
 

2. The linear model with flexibility  

All sources of flexibility can (roughly) be modelled by introducing a storage tank. At times of low 
demand, extra heat can be produced (from cheap fuels) and stored in the tank. At times of high 
demand, the heat from the storage tank can be used to meet the demand, thereby replacing heat 
production from expensive fuels like fuel oils. Since the model is linear, the effect is a flattening of 
the demand62. 

                                                             
62 The price at times of peak demand is always higher than when the demand is low since more expensive fuels 
have to be used to cover the peak demand. (This assumption is no longer valid if non-convexities are 
introduced) The storage will therefore be used to lower the ‘net demand’ at times of high demand (by 
extracting heat from the storage) and to increase the demand at times of low demand (by storing excess heat 
in the storage). (This is because prices are higher for higher demand level, so the overall costs are decreased by 
this operation of the storage tank). Since also other sources of flexibility will be used to flatten the demand 
(again assuming a convex problem), those can be modelled using this storage tank too. 
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The model is analogous to the linear model from the previous section. An extra variable representing 
the ‘state of charge’ (being the energy stored) of the storage tank is introduced. The difference 
between two consecutive values is the net ‘production’ from the storage tank. 
 
Mathematically, the problem is as follows: 

            

 

   

 

   

 

Subject to: 

     

 

   

                    

     

 

   

                  

               

            

  
                         

    

          

 

   

 

Where 
t is the hour  
  is the time of the last period of the model (one year is simulated so T equals 8760) 
f is the fuel type 
n is the number of fuels in the model (15 in this case, the 14 from the production data plus the 

cheap heat pump) 
   is the (variable) cost of using that fuel. A fixed value per fuel is assumed (e.g. the price for 

electricity varies in reality, but this isn’t taken into account) [SEK/MWhth] 
     is the amount of heat produced in hour t using fuel f [MWhth] 

    is the ‘state of charge’ of the storage tank, being the energy stored in the storage tank just 
before time t. Therefore,     -       is the net energy from the storage tank to the demand 
in period t.     is the initial energy stored (assumed to be 0) [MWhth] 

   is the demand at hour t [MWhth] 
     is the installed capacity of heat production using that fuel (note that the time period is one 

hour, so if Q is expressed in MWh and K in MW, the conversion factor from capacity energy 
is 1). For all fuels but waste, the installed capacity is constant (equal to the maximum 
production in the original data). For waste,      is the hourly production in the original 

production data. For the heat pumps, where the capacity of the cheap heat pumps is 
200MW and for the expensive one it is the remainder. [MWth] 

   is the capacity of the storage tank (maximum energy than can be stored) [MWhth] 

  
     is the maximum downward ramping (maximum reduction in output between two 

consecutive hours, due to thermal stresses). It is equal to the largest reduction for that fuel 
in the original production data (for the heat pumps, the ramping limit from the original data 
is distributed pro rata between the cheap and the expensive heat pump). [MWhth/h] 

  
   is the maximum upwards ramping (maximum increase in output between two consecutive 

hours, due to thermal stresses). It is equal to the largest increase for that fuel in the original 
production data (for the heat pumps, the ramping limit from the original data is distributed 
pro rata between the cheap and the expensive heat pump). [MWhth/h]  
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   is the maximum heat than can be produced of fuel f (for biomass fuels it is assumed that 

there is maximum amount of fuel available). Note that this constraint isn’t added for every 
fuel. [MWhth] 

 
There is a special equation when t = T because then there is no      . To ensure that the level of the 
storage tank at the end is again the same as in the beginning, the value of the (non-existing)       is 
set to the initial level (   ). 
 
Note again that fixed costs, start-up and shut-down cost, minimum stable operating levels, the 
topology of the system (transmission losses and constraints) etc. are not modelled. This implies that 
the outcomes are only indicative, and should be treated with great care. In order to construct a more 
realistic model, more economic and technical data about the DHS are needed. Also the electricity 
production is ignored again. 
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H. The producer side 
This appendix analyses the producer side complementary to the consumer perspective presented in 
the main thesis. The reason is that the producer side is needed to explain part of the changes in 
household emissions because the producer determines which fuels will be used (thereby determining 
the GHG intensity). This appendix builds further on the data from appendix B and has subsections 
parallel to the sections of the main thesis. 
 

1. The average emission intensity  

Figure 38 gives the average daily emissions of the heat, electricity and the total DHS (own 
consumption inclusive) and Figure 39 gives the hourly value of the total emissions. Due to the much 
lower demand for heating, the emissions are much lower in the summer. The total GHG emissions 
amount up to 1.408 Mton CO2e, of which 0.884 Mton is heat related and 0.524 Mton is electricity 
related (Mton = Megaton = 10^6 ton).  

 
Figure 38: daily average GHG emissions [kgCO2e/day] of the total DHS. 

The graphs clearly indicate a periodical pattern. There is of course one cycle with a period of one day 
(morning and evening peaks), but unlike for electricity, there is no weekly cycle. The day-to-day 
variations have a cycle of on average 5 to 6 days. This is discussed in detail in section 4.2.2. 
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Figure 39: hourly total GHG emissions [kgCO2e/h] of the total DHS. 

Figure 40 shows the GHG intensities of the different energies (electricity in dark blue and heat in 
green) produced in the DHS. The intensity of the heat production is further decomposed into the 
heat produced using CHP units (in red) and the heat in HOB’s (in light blue). The main HOB’s used in 
summer are the heat pumps (which have a low GHG intensity due to the high COP and the low 
emission factor of the electricity). Therefore the GHG intensity in summer of the HOB heat is much 
lower than the intensity of the CHP heat. However, much more heat is generated in the CHP units, so 
the weighted average GHG intensity of the heat production (green line) is very similar to the GHG 
intensity of the CHP production (red line). 
 
The emission intensity of heat production is rather stable throughout the year, with little seasonal 
variations even though the demand changes significantly. This is because the merit order has (more 
or less) alternating fuels with high and low EFs. This means that if the demand decreases (or 
increases), both fuels with high and low EF will be used less (or more), so the overall impact on the 
total emission intensity is rather small. The yearly average emission intensity of heat production of 
the entire DHS is 82.7 kgCO2e/MWhth. 
 
The CHP units use waste (normal and shredded), biomass (e.g. wood chips) and fossil fuels (coal and 
fuel oil). Due to the large spread in emission factors between these fuels, the GHG intensity of the 
electricity changes considerably. E.g. around day 211, the electricity production from waste (with a 
relative high EF) almost doubled, while the production from wood chips (with a low EF) was stopped, 
which leads to a jump in the GHG of the overall electricity. The yearly average emission intensity of 
electricity production is 243.7 kgCO2e/MWhel. 
 



xxiv 
 

 
Figure 40: daily average GHG intensities [kgCO2e/MWh] of the total DHS. 

The hourly emission intensity of electricity production can be seen on Figure 41 and for heat 
production on Figure 42.  

 
Figure 41: hourly GHG intensity [kgCO2e/MWhel] of the electricity produced in the CHP units. 



xxv 
 

 

 
Figure 42: hourly GHG intensity [kgCO2e/MWhth] of the heat produced in the total DHS (CHP + HOB + own consumption). 

 
The daily cycle with a morning and evening peaks in demand has also limited impact on GHG 
intensities. Intraday changes are usually from 10 to 20 kgCO2e/MWh, with the maximum spread on 
one day of about 30 kgCO2e/MWh.  
 
The changes between two subsequent days is on the same order of magnitude (about 20 
kgCO2e/MWh difference for the same hour between two days), but the ‘multiday’ cycles do change 
considerable (e.g. the GHG intensity of the heat production on 11 am on day 258 is 152 
kgCO2e/MWhth and on day 261 only 90 kgCO2e/MWhth) when different heat power plants start up 
(around day 258, the production using wood chips, with a low EF, was reduced a lot and instead peat 
and coal, both with a high EF, were ramped up, explaining the high emission intensities around day 
258). These types of changes happen often in spring and autumn, when certain plants are shut down 
or started up for a few days. 
 
This analysis confirms the conclusion of section4.2.2, namely that the impact of the short term (and 
seasonal) absolute demand level is rather modest. The usage of fuel oils as peaking fuels doesn’t 
have a large impact on the average emission intensity. This is due to two reasons: first of all, the 
absolute production using fuel oils quite small compared to the total production, so even though 
they have a high EF, the weight of this EF is so small that the impact on the total average GHG 
intensity is rather small. Secondly, if fuel oils are used, also bio oil and wood pellets (both with a low 
EF) are used extensively as can be seen on Figure 32, thereby counteracting the impact of fuel oils on 
the total emission intensity. 63 

                                                             
63 Days 1, 2, 32 and 33 are an exception. The demand on those days is exceptionally high (over 3000MW almost 
the entire day), and fuel oils are used extensively all day long. The shares of fuel oils are large (the daily average 
heat production using fuel oils is 400 to 600MWth, compared to other winter days with averages lower than 
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Instead, the average emission intensity is mostly determined by the usage of coal and the bio mass 
units. Coal also has a high EF and unlike fuel oils coal is used to produce quite a lot of heat (so it has a 
higher weight in the total average). As mentioned, the switching on and off of the coal fired unit, 
alternating with some (low EF) bio mass units, explains the large variations in spring and autumn. 
 
Other studies about the GHG intensity of the DHS production have similar results. Fortum Värme 
releases every year a rapport in which they discuss their (environmental) performance of the 
previous year. The results from these rapports were already introduced in section 1.1.2. The GHG 
intensity of the heat production, as calculated by Fortum Värme, ranges from 82 to 68.7 kg 
CO2e/MWhth (see ). The intensity as calculated by the average emission intensity model based on the 
given production data is very similar, namely 82.7 kgCO2e/MWhth. However, total production in the 
given data (10,352 GWhth) was much larger than the production of 2013 (8,200 GWhth) and 2014 (7, 
505 GWhth), implying that the total emissions are higher as well. (Fortum Värme, 2014b, 2013). 

2. The marginal emission intensity  

Figure 43 shows the hourly marginal intensity of heat production based on the original production 
data (of Fortum Värme). As expected, there is a large difference between hours of peak demand, 
when heavy fuel oil is used in peaking plants, and hours of low demand (when for instance wood 
pellets are the marginal fuel). This clearly indicates that changes in consumption at times of high 
total demand have a much larger impact than similar changes at times of low demand.  

 
Figure 43: marginal emission intensity (kgCO2e/MWhth] of the heat production of the total DHS. 

 
As expected, there is a large spread in the emission intensity between hours of peak demand, when 
fossil fuel oil is used in peaking plants, and hours of low demand (when for instance wood pellets are 
the marginal fuel).  

                                                                                                                                                                                              
100MWth). Those days, the weight of fuel oils on the total emission intensity is large, leading to a high total 
emission intensity.  
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Note that the final result is extremely sensitive to changes in the merit order. For instance if peat 
comes after bio gas (so from last to earlier it is: electric resistors, fuel oils, bio oil, peat, bio gas, wood 
pellets), than the highest marginal intensities (about 450 kgCO2e/MWhth) occur at winter evenings, 
when peat is the marginal fuel. The assumed merit order (where bio gas comes after peat) implies 
that bio gas, with associated low emissions, is the marginal fuel at winter evenings 
 

3. The ‘least-cost dispatch ’  scenario 

The linear model from section 2.3.1 is used to predict changes in the production data if the demand 
changes. It is assumed that Fortum Värme always tries to minimise their operation costs. The linear 
model is fine-tuned to mimic the outcome of the original production data provided by Fortum 
Värme. Figure 44 shows the load duration curve resulting from the linear optimisation (leading to the 
same hourly production as the original production data set from appendix B).  

 
Figure 44: load duration curve for heat production resulting from the cost minimising linear model. 

When comparing Figure 44 with Figure 32, which gave the heat load duration curve of the original 
production data, it can be seen that both are rather similar. However there are some differences: the 
outcome of the linear model is a ‘clean’ load duration curve. This means that a fuel higher in the 
merit order is used only if the fuels lower in the merit order are used at full capacity, unless some 
constraint is binding64. Especially at times of high demand, it can be seen that for instance peat is 
used only when the full capacity of wood pellets is used, while both operated at part-load in the 
original production data. A similar thing happens for the oils (bio and fuel oil).  
 
A second difference is that the output of the linear model is much more ‘stable’. When looking at the 
original load duration curve, one can observe the many changes in output of certain fuels, e.g. the 
boundary between wood chips and olives or coal isn’t a straight line at all. In the linear model, this is 
much less the case (more stable output level, each fuel operates longer at its peak capacity and less 

                                                             
64

 E.g. Because recycled wood chips are energy limited, they behave as if they were higher in the merit order, 
which explains why coal is used even if the wood chips are not used at full capacity. 
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in mid-load). A possible explanation is transmission congestion due to the topology of the DHS. It 
probably isn’t possible to fully use one plant while the others don’t produce because the heat can’t 
be transported too far from the plant. Or the simplification about the generation units (one unit per 
fuel) might have an effect65 (see section 1.4 for all assumptions made). This might explain why 
several fuels are used at reduced capacity at the same time in the original production data (in a 
‘clean’ linear program, all fuels lower in the merit order are used at full capacity except the last fuel, 
which operates at part load to follow the demand pattern). 
 
The effect of these differences can be seen when comparing Figure 45 to Figure 40(giving the daily 
average emission intensity, in the total heat, the emissions from the own consumption are added as 
well). The emission intensity of the HOB production is almost the same while the emission intensity 
of CHP heat production is higher, especially during spring and autumn. This is due to the increase in 
usage of coal (especially in spring and autumn coal is used more than in the original model). Also the 
total (CHP + HOB + own consumption) is slightly higher, following the trend of the CHP heat 
production. The emission intensity in spring and autumn is about 100 kgCO2e per MWhth, about 25% 
higher than in winter or summer (when it is about 80 kgCO2e per MWhth) due to the usage of coal. 
Since the total production in those periods is rather low, while coal is still used (at full power), the 
average emission intensity is high. In summer the coal fired power plant is no longer used and in 
winter other fuels with low emission factors decrease the average emission intensity. 
 

 
Figure 45: daily average GHG intensities [kgCO2e/MWhth] of the total DHS. 

The heat related GHG emissions of this model amount to 0.907 Mton CO2e (to produce 10,325 GWh 
of heat), higher than those of the original production data (0.884 Mton), because more coal is used 
(which highly influences the overall emissions due to its high EF). This results in a yearly average 
emission intensity of 87.6 kgCO2e per MWhth. 

                                                             
65 For instance there might be two units using recycled wood chips, or maybe they are mixed with another fuel 
in yet another generation unit (implying that if the usage of that fuel is reduced, also the usage of the recycled 
wood chips has to be reduced). 
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A similar remark about the effect of coal usage can be made for the hourly emission intensity given 
on Figure 46. Compared to Figure 42, it is clear than the emission intensity increased in spring and 
autumn. Also the intra-day variations (morning and evening peak) are more pronounced. This is due 
to the usage of the oils. In the linear model, they are only used at times of ‘real’ peak demand 
(morning and evening peaks), while they are not used during the rest of the day. In the original 
dispatch, they are used also at times of lower peak demand (e.g. winter days), as can clearly be seen 
on the load duration diagrams. Note that the emission intensity during the peaks can be both higher 
(when the fuel oils are used) and lower (when the bio oil is used) than the rest of the day. 
 

 
Figure 46: hourly GHG intensity [kgCO2e/MWhth] of the heat produced in the total DHS (CHP + HOB + own consumption). 

The impact of the changed usage of fuel oils is most dramatic for the marginal emission intensity 
given by Figure 47. Compared to Figure 43, it is much less ‘dynamic’ as fuel oils are used in much less 
periods and because most other marginal fuels (bio oil, heat pumps etc.) have low emission factors. 
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Figure 47: marginal emission intensity (kgCO2e/MWhth] of the heat production of the total DHS (brown = 450, dark blue < 

50). 

 

4. The ‘reduced hot tap water ’  scenario 

This section analyses what happens if the demand for hot tap water decreases by 10% (with the 
demand for heating remaining constant). The graphs are for a hot tap water demand based on 
833,889 ‘average’ households (see appendix E).  
 
Because the fraction of demand for hot tap water is much lower than the fraction for heating, this 
reduction has only limited effect. Hardly any difference can be seen when comparing the load 
duration curves (Figure 48 and Figure 44). 
 

 
Figure 48: load duration curve for heat production for a 10% reduction in hot tap water usage. 
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Also the daily average emission intensity given on Figure 49 looks very similar to the original one 
(Figure 45), although there is a small decrease in the peaks (especially the highest peak around day 
180). 

 
Figure 49: daily average GHG intensities [kgCO2e/MWhth] of the total DHS for a 10% reduction in hot tap water usage. 

Total emissions in this scenario are 0.897 Mton CO2e for 10,223 GWh of district heating. In this case, 
the total emissions are even higher than if you assume that the production mix stays the same (in 
which case there would be 0.895 Mton GHg emissions). This means that especially fuels with a low 
emission factor (e.g. bio oil) are used less. As a consequence, the yearly average emission intensity is 
87.7 kgCO2e per MWhth, which is higher than in the ‘least-cost dispatch’. Using the hot tap water 
demand for 1,480,000 people, emissions total 0.892 Mton CO2e for 10,018 GWh. 
 
As said in section 4.3.1, the potential of hot tap water savings is probably much larger. When 
comparing Figure 35(with the demand for hot tap water) and Figure 43 (with the marginal emission 
intensity), one can see that they have coinciding morning and evening peaks. The demand (for hot 
tap water) peaks from 4h to 8h and 15h to 18h. Looking at the marginal intensity, it can be seen that 
this are exactly the hours when fuel oil is burnt (leading to a high marginal emission intensity as 
those fuel oils are the marginal fuel in those hours). This implies that there is a strong correlation 
between the demand for hot tap water and the usage of fuel oils, at least in autumn, winter and 
spring (in summer the total demand is so low that heat pumps are used to cover the peak demands). 
Therefore, a reduction in the demand for hot tap water, or a shift in time (e.g. take a shower at noon) 
is likely to have a large impact in total emissions (unlike what one would say based on the average 
emission intensity). 
 
However, here the conclusion is that the savings are rather small. This difference can be explained by 
the usage of fossil fuel oils. In the original production data, they were used for a substantial amount 
of time (as was clear from the marginal GHG intensity). However, in the simulated production data 
(using the linear model), fuel oils are used much less, only at times of real peak demands (see section 
3 of this appendix). Therefore, fuel oils are the marginal fuel only for a very limited amount of hours, 
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thereby breaking the link between the hot tap water consumption and fuel oil usage from the 
original production data.  
 
This implies that savings in hot tap water consumption won’t reduce the usage of fuel oils that much 
(since they are barely used at all), leading to rather small savings in GHG emissions. However, since 
the simulated production data are less realistic than those provided by Fortum Värme, it is likely that 
the savings from reduced or shifted demand for hot tap water are considerably larger than the ones 
that are predicted here (as in reality, a reduced usage of hot tap water would very likely reduce the 
amount of fuel oils used, decreasing the emissions quite a lot (compared to the savings in energy)). 
 

5. The ‘lower indoor temperature ’  scenario 

This section presents the outcome of the scenario in which the indoor temperature in all buildings 
would be 1°C lower than it is today. Assuming that the current indoor temperature is set at 22°C, it is 
analysed how much emissions would be saved if this is reduced to 21°C. The estimated demand 
reduction is 10%, see section 2.3.3. Note that it is the demand for heating (not hot tap water) that 
reduces by 10% when the outdoor temperature is lower than 22° (so in summer there is almost no 
impact). The total heat demand reduction is 900MWhth. The demand for hot tap water is not 
affected. 
 
The graphs below use the demand for hot tap water calculated for 833,889 ‘average’ households 
(see appendix E). Figure 50 shows the demand profile used for this scenario.  

 
Figure 50: demand profile for a 1°C reduction in indoor temperature. 

Figure 51 shows the load duration curve of the heat production using the different fuels. The linear 
(cost minimising) model calculated the optimal dispatch for the reduced demand. Compared to 
Figure 44, which gives the load duration curve for the original demand, it can be seen that the curve 
is a bit more skewed, as the high and average demands have decreased while the lowest demand 
(summer when the temperature is higher than 22°C) stayed the same. This results in a decreased 
usage of the fuels last in the merit order (fuel oil, bio oil, peat and wood pellets); in fact the energy 
constraints for bio oil and pellets are not binding any more. Also the usage of coal decreased (as it is 
the marginal fuel in spring and autumn and the demand decreased in these periods too). 
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Figure 51: load duration curve for heat production for a 1°C reduction in indoor temperature. 

Figure 52 shows the daily average emission intensity of the heat production of the DHS (note that the 
local load is added for the total heat). Compared to Figure 45, which gives the emission intensities for 
the original demand, the emissions have decreased, especially in summer and autumn (reflecting the 
importance of coal on the emission intensity). The impact of the reduction in peaking fuels is rather 
limited, as both fuels with high emission factors (fuel oils and peat) and with low factors (bio oil and 
wood pellets) decreased. 

 
Figure 52: daily average GHG intensities [kgCO2e/MWhth] of the total DHS for a 1°C reduction in indoor temperature. 
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In total, 0.820 Mton CO2e is emitted to produce 9,452 GWh of heat (compared to 0.907 Mton CO2e 
for 10,352 GWh for the least cost dispatch for the original demand)66. Total emissions are reduced by 
87,000 ton CO2e and the yearly average emission intensity decreased slightly to 86.7 kgCO2e per 
MWhth (87.6 in the least cost dispatch for the original demand). The seasonal variations are now 
much smaller than in the ‘least cost dispatch’ (due to the decreased usage of coal, leading to lower 
intensities in spring and summer). 
 
If the production mix would have remained constant (so the emissions decrease the same as the 
energy), 828,000 ton CO2e would have been emitted. This is only a minor difference (1%) compared 
to the outcome of the linear model (which is because both fuels with high and low emission factors 
are used less). 
 

6. The ‘better building insulation ’  scenario 

Van der Heijde (2014) developed a retrofitting plan for Stockholm based on hourly district heating 
energy consumption data for 15,000 buildings in 2012. Based on this data set, he proposed three 
scenarios, one with a low amount of retrofitting leading to 1,103 GWh (13.3%) savings, a medium 
scenario (2,851 GWh or 34.4% savings) and one with a lot of retrofitting leading to 4,636 GWh (56%) 
savings. 
 
The effect of these retrofitting strategies was calculated using the linear model. The entire heat 
demand was reduced by the relative savings (since the data set for the retrofitting plan consisted 
also of total demand in 2012 and the absolute demand changes every year). 
 
The results of the ‘low savings scenario’ are very similar to the ones from the 1° reduction in indoor 
temperature. The emission intensity is a bit lower, as less fuel oil is used because the demand is 
reduced a bit more (here is the total demand reduced by 13.3% while for the 1° scenario the demand 
for heating was reduced by 10%). In total 0.769 Mton CO2e is emitted to produce 8,975GWh. 
 
The demand in the medium retrofit scenario is 2,200 GWh lower than in the low retrofit scenario. 
This leads to a further reduction in the usage of peaking fuels, the oils (fuel oils and bio oil) are even 
not used any more. Peat is used to deliver the absolute peak, and wood pellets also become a 
peaking fuel. In summer time, waste alone is enough to cover the demand (no heat pumps or wood 
chips are used in summer). This leads to an emission intensity that has the same (high) value in 
winter and summer, and is lower in autumn and spring (when the coal fired power plant is shut down 
and the demand is met using waste, wood chips and heat pumps alone). Total heat related emission 
of the DHS amount to 0.517 Mton CO2e (to produce 6,791 GWh). 
 
The scenario with the highest retrofitting assumed that the energy usage intensity of all buildings 
was reduced to a level below 55 kWh/m²67, resulting in 56% savings (on both heating and hot tap 
water). In the high retrofit scenario, the total demand is only 4,555GWh. Also the peak demand has 
been reduced dramatically, meaning that all fuels above the heat pumps in the merit order are not 
used any more. The recycled wood chips become the marginal fuel at times of peak, while coal and 
heat pumps are used in peaking mode too. Figure 53 shows the load duration curve, which decreased 
even more compared to other scenarios; several fuels are not used at all. Compared to the previous 
load duration curves, the heat pumps are places below coal in the order of the fuels. This is because 

                                                             
66

 If the demand profile for 1,480,000 people is used, the results are very similar. 0.824 Mton CO2e are emitted 
to produce 9,489 GWh of heat (as a larger share of the total demand is for hot tap water, the reduction in the 
demand for heating has less impact). 
67 original energy usage intensities are around 100 to 200 kWh/m². 
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almost only the cheap part of the heat pumps is used (and this cheap part comes before coal in the 
merit order). 

 
Figure 53: load duration curve for heat production for the high retrofitting scenario. 

This results in a GHG intensity of the total heat production that is highest in summer. Figure 54 gives 
the daily average emission intensity. Waste, the only fuel used in summer, has quite a high emission 
factor (33 gCO2e per MJfuel, compared to 27 for electricity, 2.3 for wood chips and 107 for coal, see 
section2.1.2). The high emissions from coal in winter are ‘balanced’ by the low emissions from wood 
chips and heat pumps68 (especially since coal only delivers a small amount of heat), while in summer 
only the waste is used.  
 
Remember that the own consumption of the DHS (electricity to operate the system) is added in the 
emission for the total heat, which explains why the emission intensity of the total DHS is higher than 
the emission intensity of both the CHP and the HOB units.  

                                                             
68

 Although the emission factor of electricity is relatively high as well, electricity is used in heat pumps which 
have a COP of 3.3, meaning that the emissions per amount of heat should be divided by 3.3. (compared to the 
normal fuels which have a heat efficiency of about 50 to 90%, so the emissions per amount of heat produced 
are higher than the intensity per amount of fuel) 
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Figure 54: daily average GHG intensities [kgCO2e/MWhth] of the total DHS for the high retrofitting scenario. 

This leads to a decrease of GHG emissions by 578,000 ton CO2e compared to the original demand. In 
total, 329,000 ton CO2e is emitted to produce 4,555GWh of heat, implying a yearly average emission 
intensity of 72.2 kgCO2e per MWhth. 
 

7. The ‘introducing flexibility’ scenario  

This scenario looks to the effect of introducing flexibility into the system. The flexibility allows shifting 
the consumption in time, either by postponing it or by consuming earlier. This means that the total 
demand does not change, only the time at which the demand has to be met by the DHS.  
 
Figure 55 shows the hourly demand and production if the total capacity of the storage tank is 10GWh 
(0.1% of total yearly production). The difference between the two is the energy stored or extracted 
from the storage tank. It can be clearly seen that the effect is to flatten the (short term) variations. 
Note that in the beginning, the tank is assumed to be empty, so the peaks of the first days can’t be 
lowered (as there is no energy in the storage tank yet). 
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Figure 55: hourly demand (in blue) and production (in green) [MWhth]. The difference between the two is the usage of 

the storage (with a capacity of 10GWh). 

Figure 56 shows the load duration curve (after subtracting the storage, so the production of only the 
‘normal’ fuels). As Figure 55 showed, the effect of using flexibility is to flatten the demand, leading to 
a less skewed load duration curve, with fewer hours of extreme demand levels (both very high and 
very low) and more with average demand (because storage was used to flatten the demand). As 
expected, less peaking fuels (fuel oils and bio oil) are used compared to the initial load duration curve 
on Figure 44. Instead, more cheap fuels are used (because the total produced energy is still the 
same). Since the output of waste, wood chips and olives can’t be increased (due to the limited 
availability of those fuels), it are mainly coal and the heat pumps that are used more. 

 
Figure 56: load duration curve for heat production with a storage tank of 10GWh. 

Figure 57 gives the daily average emission intensity of the heat production of the total DHS (again 
including the emissions from the own consumption). As expected from the load duration curve and 
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the previous analyses, the emission intensity is highest in autumn and spring, when coal is used 
extensively (in winter also the heat pumps, wood pellets and bio oil are used, decreasing the 
emission intensity in winter). The emission intensity is very similar to the original one (on Figure 45), 
only the high peak around day 180 is not present any more (as that peak resulted from a temporal 
increase in demand that was met by coal, but is now covered from the storage tank).  
 

 
Figure 57: daily average GHG intensities [kgCO2e/MWhth] of the total DHS for heat production with a storage tank of 

10GWh. 

 
For a storage tank of 10 GWhth, about 5,000 ton CO2e are saved, resulting in total heat related 
emissions of 902,000 ton CO2e to produce still the full demand (10,352 GWh of heat), implying a 
yearly average emission intensity of 87.1 kgCO2e per MWhth. The analysis from the load duration 
curve explains this rather modest decrease: less peaking fuels are used, leading to a decreased 
consumption of fuel oils with a high EF and bio oil with a low EF; while cheaper fuels are used more, 
leading to an increase in the usage of coal with a high EF and heat pumps with a low EF. Therefore, 
the overall effect is small. (If however heat pumps would be cheaper than coal or the availability of 
bio mass fuels increases, the effect would be much larger). Although absolute savings are rather low 
compared to the other scenarios, it should be noted that these savings come purely from changes in 
fuels used and that the total consumption didn’t change. Also savings in reality are likely to be higher 
due to the more extensive usage of fuel oils in reality, meaning that more fuel oil can be saved in 
reality by taking advantage of the flexibility. 
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I. Variations in household emission rates 
 

1. Intraday variations in household emission rates  

The intraday variation is defined as the difference between the maximum and the minimum value of 
the emission rate on that day. The relative intraday variation is the intraday variation divided by the 
average emission rate of that day (and multiplied by 100 to get it in %). See the two equations below. 
Figure 58 and Figure 60 give the intraday variation of the emission rate of the couple and the family, 
while Figure 59 and Figure 61 give the relative values. Note that the average emission intensity 
model is used to get the household emission rates given on the graphs. 
 

                        
      

                     
      

                   

                               
                    

    
      

                 
     

Where 
d is the day of the year (1 to 365) 
h is the hour of the day (0 to 23) 
                  is the household emission rate [kgCO2e per hour] of the household on hour 

h on day d. 

 
Figure 58: intraday variations in the household emission rate of the couple [kgCO2e/h]. 
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Figure 59: relative intraday variations in the household emission rate of the couple [%]. 

 

 
Figure 60: intraday variations in the household emission rate of the family [kgCO2e/h]. 
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Figure 61: relative intraday variations in the household emission rate of the family [%]. 

Note that the relative intraday variations become higher in summer because then hot tap water 
represents a much higher share of the total consumption (and the intraday variation is mostly caused 
by variations in hot tap water demand, because the variations of the family (high share of hot tap 
water) are larger than the variations of the couple (low share of hot tap water)). 
 

2. Inter-day variations in household emission rates  

The inter-day variation is defined as the difference between the daily average emission rates on two 
consecutive days. (This difference can be both positive and negative, so the absolute value should be 
taken before taking the average, to obtain the average inter-day variation.) As before, the relative 
variation is the absolute variation divided by the daily average emission rate of that day. See the two 
equations below. Figure 62 and Figure 64 give the inter-day variations of the household emission 
rates of the couple and the family, while Figure 63 and Figure 65 give the relative (absolute) inter-day 
variation. Note that the average emission intensity model is used to get the household emission rates 
depicted on the graphs. 
 

                         
      

                      
      

                     

                               
                    

    
      

                 
     

Where 
d is the day of the year (1 to 364) 
h is the hour of the day (0 to 23) 
                  is the household emission rate [kgCO2e per hour] of the household on hour 

h on day d. 
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Figure 62: inter-day variations in the household emission rate of the couple [kgCO2e/h]. 

 
Figure 63: relative inter-day variations in the household emission rate of the couple [%]. 
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Figure 64: inter-day variations in the household emission rate of the family [kgCO2e/h]. 

 
Figure 65: relative inter-day variations in the household emission rate of the family [%]. 
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J. Sensitivity analysis 
Throughout this thesis, many assumptions have been made. A sensitivity analysis was one on two of 
them: the CHP allocation method and the EF of some fuels. 
 
There are several ways to allocate emissions to heat and electricity production in CHP units. This 
thesis used the alternative production allocation method. Figure 66 and Figure 67 on the other hand 
show the effect of changing the allocation method on the GHG of respectively electricity and heat 
production in the DHS. The indirect energy and the direct exergetic allocation methods give the 
biggest benefit to the heat production (for the exergetic method this is because of the low 
temperature of the hot water, which means that the heat production has a low exergy, so it gets a 
low share of the emissions). The direct energetic and the economical allocation methods on the other 
hand allocate the least emissions to electricity (and the most to heat). Note that all exergetic 
allocation methods depend also on the outside temperature (apart from the pure ‘technical’ features 
of the CHP unit), allocating a larger share of emissions to the heat production in winter and at night 
than in summer and during the day. 

 
Figure 66: daily average emission intensity [kgCO2e/MWhel] of the DHS of electricity production for different allocation 
methods. ‘DEN’ = direct energy, ‘DEX’ = direct exergy, ‘IEN’ = indirect energy, ‘IEX’ = indirect exergy, ‘AP’ = alternative 

production, ‘ECO’ = economical. See appendix D for the different methods. 
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Figure 67: daily average emission intensity [kgCO2e/MWhth] of heat production of the DHS for different allocation 

methods. ‘DEN’ = direct energy, ‘DEX’ = direct exergy, ‘IEN’ = indirect energy, ‘IEX’ = indirect exergy, ‘AP’ = alternative 
production, ‘ECO’ = economical. See appendix D for the different methods. 

Also some of the emission factors were changed. The resulting effect depends on which EF is 
changed. If it is one of the baseload fuels (e.g. waste), the emissions just increase, without changing 
the dynamics of the system. If on the other hand, the EF’s of the peak load units is changed, the 
dynamics will change as the peaking units are only used at times of high demand. Figure 68 shows 
how changes in the emission factors of waste (normal and shredded) and electricity shift the entire 
curve up and down. The effect of a change in the EF of waste is larger in summer, as in summer less 
other fuels are used. 
 

 
Figure 68: daily average emission intensity [kgCO2e/MWhth] of heat production of the total DHS for different values of 

the emission factors of waste (normal & shredded) and electricity. 
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Figure 69 shows the hourly GHG intensity of the heat production of the DHS for different values of 
the EF of coal (mid-load, off in summer, half used during low demand levels in winter and fully used 
at peak demand levels), note the different scales on the figure left and right.  
 

 
Figure 69: hourly emission intensity [kgCO2e/MWhth] of heat production of the total DHS for different values of the 
emission factors of coal. Note the different scales for the figure left and right (in summer, the values are the same). 

A sensitivity analysis on the peaking fuels didn’t influence the results that much. The produced heat 
from the fuel oils and the EF of bio oil are too low to have an effect in the (weighted) average 
intensity. 
 


