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ABSTRACT 

This thesis investigates how combined heat and power plants (CHP) produce electricity, with 

respect to several external factors including outdoor temperature and electricity prices. The 

purpose is to develop and evaluate a tool, with the aim to increase the understanding of CHP 

plants electricity production behaviour. This tool resulted in an optimisation model, 

developed in Python and using the CVXPY package. The objective of the model is to include a 

system of production units and optimise the production from these by minimising the 

production costs, while also considering technical constraints. Inspiration for the model was 

found from a literature review and from interviews with people working in the CHP sector, 

where the latter also provided historical production data used for validation. When 

comparing the modelled yearly electricity production with the historical data for the same 

year, it was found that the model deviated less than 10 percent for the two real district 

heating systems where the model was implemented. In conclusion, it is seen that the model 

behaves similar to the actual plants when looking at the electricity production; however, the 

behaviour of the model is slightly exaggerated with faster changes in the electricity 

production. Though, the results show that the developed model can be used to enhance the 

understanding of how CHP plants produce electricity.  

 

Keywords: Combined Heat and Power, electricity market, production behaviour, 

cogeneration, flexibility and optimisation.  
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SUMMARY 

On the Nordic electricity market, the price of electricity is related to what kind of producer 

that bids into the market. An increasing amount of low marginal cost alternatives, such as 

wind power, can lead to an increased number of periods with low electricity prices. This can 

be a challenge for combined heat and power (CHP) plants since a central incentive for their 

electricity production is high electricity prices. On the other hand, if these plants are able to 

produce during periods with high electricity prices, economic opportunities can occur.  

Due to the long-term conditions of investments within the energy sector, it is important to 

create scenarios in order to analyse possible future market conditions. To use mathematical 

models for this purpose is a common procedure when planning for future scenarios.  

This thesis investigates how combined heat and power plants produce electricity, with 

respect to several external factors including outdoor temperature and electricity prices. The 

purpose is to develop and evaluate a tool, with the aim to increase the understanding of CHP 

plants electricity production behaviour. Inspiration for this tool that resulted in an 

optimisation model was developed from a literature review and several interviews with 

different people working within the CHP sector.  

The model was developed in the open source programming language Python, using the 

convex optimisation package CVXPY. The objective of the model is to include a system of 

production units and optimise the production from these by minimising the production costs. 

Also, constraints must be considered, such as meeting the heat demand, not exceeding the 

ramp-rates and the given production limits of the units. To make the model dependent on the 

outdoor temperature and useable for future scenarios, a regression model that creates a 

fictional heat load using temperature series was constructed.  

To validate the model, historical production data retrieved from the interview respondents 

were compared to the outputs of the model, considering factors such as total heat and 

electricity production.  

The model was implemented on two real district heating systems, denoted system 1 and 

system 2, where the biggest difference between the systems were that system 1 was bigger 

and had a more varied fuel mix. What could be seen from the results regarding the heat load 

regression model was that system 1 had a little higher accuracy than system 2. From the 

optimisation results it was seen that the total electricity production shown by the model was 

lower than the actual production for system 1 and 2 and that the differences between the 

modelled yearly electricity productions deviated less than 10 percent from the real values. 

Looking at the different plants, both the real values and the model results show that the 

waste unit produces the most heat in both systems, which corresponds with the common use 

of waste units as baseload plants.  

In terms of the production behaviour, meaning how the different plants choose to produce 

electricity, the model reflects a similar production of the real operation. What could be seen 

was that the model was more sensitive to temperature changes when it comes to lowering the 

electricity production in order to meet the heat demand.  



To conclude, the model behaves in a similar manner compared to the real production when 

looking at the electricity.  

The results show that the tool can be used to improve the image of how CHP plants produce 

electricity. The results indicate that there will be hours when no electricity production will be 

available from CHP plants, which is considered interesting since these periods correspond to 

those with high electricity prices when it is profitable for CHP plants to produce electricity. 

This is due to that the companies have a commitment to deliver heat to their heat customers, 

which is not the case for electricity. 

 

  



SAMMANFATTNING 

På den Nordiska elmarknaden är elpriset relaterat till vilken typ av producent som budar in 

till marknaden. En ökad mängd av alternativ med låg marginalkostnad, som till exempel 

vindkraft, kan leda till fler perioder med låga elpriser. Detta kan vara en utmaning för 

kraftvärmeverk, eftersom en viktig faktor för att de ska producera el är höga elpriser. Å andra 

sidan, om de här kraftvärmeverken kan producera el när elpriserna är höga kan det uppstå 

ekonomiska möjligheter.  

Investeringar i energisektorn är ofta långsiktiga. Därför är det viktigt att skapa scenarier för 

att kunna analysera möjliga framtida marknaders utseende. Vid planering för framtida 

scenarier, är en vanlig metod att använda matematiska modeller.  

Det här examensarbetet undersöker hur kraftvärmeverk producerar med hänsyn till olika 

externa faktorer som utomhustemperatur och elpriser. Syftet är att utveckla och utvärdera ett 

verktyg som ska kunna öka förståelsen för hur kraftvärmeverk producerar elektricitet. 

Inspiration för verktyget, som resulterade i en optimeringsmodell, kommer från en 

litteraturstudie och flertalet intervjuer med olika personer inom kraftvärmebranschen.  

Modellen utvecklades i programmeringsspråket Python och använder det konvexa 

optimeringspaketet CVXPY. Målet med modellen är att inkludera ett system av 

produktionsenheter och optimera deras produktion genom att minimera 

produktionskostnaderna. Dessutom måste vissa begränsningar tas hänsyn till, som att möta 

värmelasten, inte överskrida ramp-värden och de givna produktionsgränserna för de 

inkluderade enheterna. För att göra modellen beroende av utomhustemperaturen och mer 

användbar för framtida scenarier konstruerades en regressionsmodell som skapar en fiktiv 

värmelast från temperaturserier. 

För att validera modellen jämfördes historiska produktionsdata, givna från intervjuerna, med 

modellresultaten sett till bland annat total el- och värmeproduktion.  

Modellen implementerades på två verkliga fjärrvärmesystem, betecknade system 1 och 

system 2. Dessa skiljde sig åt, där system 1 är större och har en mer varierad bränslemix.  

Sett till regressionsmodellen hade system 1 en lite bättre noggrannhet än system 2. Den totala 

elproduktionen från modellen var lägre än de verkliga värdena för båda systemen, där dessa 

skillnader i total årlig elproduktion avviker mindre än 10 procent från de verkliga värdena. 

Sett till de olika produktionsenheterna syns det att avfallsverket producerar mest värme i 

båda systemen, både i modellen och i de verkliga värdena. Detta speglar verkligheten, då 

dessa anläggningar ofta används som baslast.  

Sett till produktionsbeteendet, vilket betyder hur de olika anläggningarna väljer att 

producera el, visar modellen en liknande bild av hur produktionen ser ut i de faktiska 

anläggningarna. Modellen visar en större känslighet för temperaturförändringar när det 

gäller minskning av elproduktionen för att möta värmelasten.  

Sammanfattningsvis uppträder modellen liknande jämfört med den verkliga elproduktionen. 

Resultaten visar att verktyget kan användas för att förbättra bilden av hur kraftvärmeverk 

producerar el. Resultaten indikerar att det kommer finnas timmar där det inte finns någon 

tillgänglig elproduktion från kraftvärmeverk, vilket är intressant eftersom dessa perioder ofta 



speglas av höga elpriser som gör det lönsamt att producera el i kraftvärmeverk. Detta är på 

grund av att företagen har ett åtagande att möta värmebehovet från sina värmekunder, vilket 

inte är fallet för el. 
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NOMENCLATURE 

 

Symbol   Description    Unit   

 

t    time step    h 

T    total number of time steps  h 

n    number of units   - 

Cfuel    fuel cost    SEK/MWh 

Ctax    fuel taxes    SEK/MWh 

REC    Renewable energy cert.  SEK/MWh 

heatdemand   heat demand in each time step SEK/MWh 

R    Up/down ramp rate   MWh/h 

α    alpha value    - 

bymax    maximum heat production in   MW 

    bypass mode 

exmax    maximum electricity production MW 

    in extraction mode 

heatmin    minimum heat production in   MW 

    unit n 

heatmax    maximum heat production in   MW 

    unit n 

elmin    minimum electricity production MW 

    in unit n 

elmax    Maximum electricity production MW 

    in unit n 

hobmin    minimum heat production in   MW 

    heat only boilers 

hobmax    maximum heat production in   MW 

    heat only boilers 

ackmin    Load of accumulator tank   MW 

    (negative value)  

ackmax    Unload of accumulator tank   MW 

    (positive value)  

γ    slope of curve limiting operation -  

    region of a bypass plant 

λ    slope of curve limiting operation - 

    region of an extraction plant  

P     electricity    MW 

Q    heat     MW 

Qack    heat loaded to or from the   MW 

    accumulator tank 

Eack    energy content in accumulator MWh 



ABBREVIATIONS 

 

Abbreviation   Description 

CHP Combined Heat and Power 

DH  District Heating 

ECS Electricity Certificate System  

EU-ETS European Emission Trading System 

LP Linear Programming 

MILP Mixed Integer Linear Programming 

NLP Non-Linear Programming 

UC Unit Commitment 

ED Economic Dispatch  

RES Renewable Energy Sources 

NHPC Net Heat Production Cost 
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1 INTRODUCTION 

Electricity prices are strongly connected to what type of generators that bid into the 

electricity market, where high generation from generators with low marginal cost such as 

wind power, could lead to a greater number of periods with low electricity prices. This could 

be problematic for CHP plants because an important incentive for electricity production are 

high electricity prices. Therefore, long periods with low electricity prices could lead to a lower 

number of operating hours for CHP plants in regards to electricity production and thus, not 

provide sufficient motivation for investment desicions in these plants. This is also mentioned 

by Skytte, Olsen, Rosenlund Soysal and Møller Sneum (2017), where the authors state that 

CHP plants´ market role is threatened by the increasing amount of wind power, which leads 

to lower electricity prices. However, Kumbastzky, Schacht, Schulz and Werners (2017) mean 

that a future with a higher share of weather-dependent RES in the electricity system could 

yield economic opportunities for CHP plants, if they are able to produce electricity when 

electricity prices are high.  

According to Åberg, Widén and Henning (2012) are district heating (DH) demands expected 

to decrease by 1-2 percent per year, and the authors further state that high investment costs 

in CHP plants make them preferable to operate many hours per year, but due to large 

seasonal variations in heat demand, together with low electricity prices, the electricity 

production in CHP plants is becoming less favourable. This is further strengthened by Bruce, 

Kosulko, Holtz, Christian, Lundqvist Edfeldt and Badano (2017) in a report to the Swedish 

Parliament, where it is stated that low electricity prices do not motivate plant owners enough 

to reinvest in existing, or to invest in new CHP plants, and owners might therefore choose to 

invest in heat-only plants.  

1.1 Background 

Investments within the energy sector are long-lived and to create a sustainable development 

within this sector, it is important to create scenarios so that future outcomes can be analysed 

beforehand. Mathematical models are often used to create insights and an understanding of 

dynamic systems and in the energy sector are roadmaps and strategies towards low carbon 

economies being developed with the help of mathematical models. Deane, Chiodi, Gargiolo 

and Gallachóir (2012) mention that these models could help to identify power generating 

technologies that can provide the lowest technical and financial risk towards these future low 

carbon economies. In the energy sector, these models are referred to as energy system 

optimisation models and often include infrastrucutre such as the power grid, generating 

utilites and market based assumptions. DeCarolis et al. (2017) mention that the model 

complexity and the inability to validate results requires a judgement from the user of the 

model so that it does not lead to misleading conclusions and that in energy system 
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optimisation models, there is also a risk that crucial information and a full representation of 

plants and their electricity production abilities might be overlooked.  

When planning for future scenarios it is important to have an understanding of how plants 

behave under certain conditions and in special situations. Increased knowledge about CHP 

plants can be used to evaluate the long-term operating conditions of the Nordic CHP plants, 

which is an important task to correctly understand the possible future electricity pricing 

structure in the Nordic region. 

1.2 Purpose/Aim 

The purpose of this thesis is to develop and evaluate a tool that can contribute to an improved 

understanding of CHP plants. The goal is to realistically understand how CHP plants produce 

electricity, given different factors such as outdoor temperature, electricity and fuel prices. 

The tool will be used by Svenska Kraftnät, which intends to implement the results in their 

energy system optimisation model. 

1.3 Research questions 

To fulfil the purpose of this thesis, the following research questions have been formulated:  

i. How could this tool be developed and evaluated? 

ii. How can the tool provide a better understanding of the production behaviour in CHP plants? 

1.4 Delimitation 

The focus of this thesis lies in finding a simplified procedure that can be used to explain the 

production behaviour of CHP plants in terms of electricity production.  In this thesis two 

systems were included and these were chosen due to the availability of production data that 

could be used for validation.  
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2 METHOD 

In this part, a description, along with motivations for how the purpose and research 

questions are answered will be presented.  

The chosen approach for this project is to combine a literature review with interviewing 

people working in the CHP sector. The authors of this thesis believe that talking to these 

individuals is a good way of receiving realistic and up-to date information regarding CHP 

plants and the structure of their production. The answers from the interviews will not be used 

as a result, but will instead be seen as a foundation for contributing to an enhanced 

understanding of CHP plants’ operation. The answers will also be used in the validation 

process of the tool, the developing procedure and will be placed in order after the literature 

review.  

 

The literature retrieval was performed through the databases Google Scholar, Science Direct 

and Scopus. Google Scholar is a general search tool for scientific literature such as articles 

and theses. Science Direct is also used to find scientific articles, along with scientific journals. 

Scopus is a citation database, which is good when looking for several scientific papers in the 

same field. Also, information was found on websites from companies that compile data and 

statistics. The literature that was found included previous research and ranged from being 

specific case studies, in for example a certain district heating system, to more comprehensive 

energy reports, such as statistics and information regarding heat and electricity production. 

The main term that was used when searching for the literature was ‘combined heat and 

power’. In order to find and analyse more specific areas, words such as ‘behaviour’, 

‘flexibility’, ‘electricity market’, ‘optimisation’ and ‘modelling’ were included in the search 

procedure. To limit the searches to year, field and type of scientific material further improved 

the process of finding relevant and suitable literature.  

The interviewees had roles such as production controller, heating manager and project 

leader. They were asked questions, in person, through e-mail or telephone, regarding 

production planning and flexibility measures in various CHP plants. This was done with the 

aim to get an even better understanding of how CHP plants operate and to get inspiration for 

further literature retrieval. Throughout the report, the individuals that were interviewed will 

be anonymous, and only referred to as ‘respondents’. The questions are to be found in 

Appendix 1.   
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3 LITERATURE AND INTERVIEW STUDY 

This section is designed to introduce the reader to the field of CHP, how literature describes 

the production planning process for district heating producers and how previous studies 

have modelled CHP plants and hot these were . 

The concept of cogeneration is that electricity and heat are produced at the same time, where 

this simultaneous production makes CHP plants more fuel efficient compared to condensing- 

and heat only plants. Verbruggen (1996) explains that in a CHP process, power is the high-

quality output, being convertible to all other forms of energy and is thus useful in both a 

technical and economic way. The author continues that the quality and usefulness of heat 

depends on the temperature level, and at ambient temperature, heat has lost its technical 

usefulness and thus its economic value. One important measure for CHP units is the alpha 

value, defined as the relation between power production (P) and heat production (Q):  

𝛼 =  
𝑃

𝑄
 

A high alpha value lets the unit produce more electricity and is thus more advantageous due 

to that the electricity is a more valuable form of energy compared to heat, as was previously 

explained by Verbruggen (1996). Two commonly known types of CHP units are the 

backpressure and the extraction plants. In figure 1, created by Friis-Jensen (2010) it can be 

seen that a backpressure unit operates according to the backpressure line where heat and 

electricity always is produced at the same time, where the slope of the backpressure line 

corresponds to the alpha value. The operating region for an extraction unit with the ability to 

bypass steam to favour electricity production differs from the backpressure unit, where the 

operating region is expanded to the area between the Cv-line and the backpressure line seen 

in the P-Q diagram in figure 1. This expanded operating region makes these units more 

flexible when it comes to electricity production. Mollenhauer, Christidis and Tsatsaronis 

(2017) referred to the slope of the Cv-line as the power loss coefficient:  

𝛽 = −
𝑃(𝑄𝑚𝑎𝑥) − 𝑃𝑤𝑜𝐷𝐻

𝑄𝑚𝑎𝑥
 

Where P(Q) is electricity production in full backpressure mode, i.e. at the end of the 

backpressure lines where the two lines meet.  𝑃𝑤𝑜𝐷𝐻 is electricity production without district 

heating production and occurs when the Cv-line meets the y-axis. 

 

Figure 1: Graphical visualisation of backpressure & extraction unit. 
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3.1 Production planning in DH networks  

Cogeneration creates a strong linkage between DH networks and the electricity market where 

operators of CHP plants seek to maximise their profitability by generating electricity and at 

the same time ensuring a stable supply of heat. Production planning in district heating 

networks is therefore an important task to assure that the production is economically viable. 

Wang, Yin, Abdollahi, Lahdelma and Jiao (2015) mention that CHP-DH systems 

optimisation models can be used to optimise the planning and operating strategy of the 

system in the long run. Salgado and Pedero (2007) explain three major timespans while 

performing production planning; long-term, mid-term and short-term planning. Long-term 

is used for planning horizons greater than one year and is often used in investment planning. 

Long-term planning could according to Dotzauer (2002) include an estimation of the amount 

of fuel that will be needed for production. When the time horizon ranges from a month up to 

a year, mid-term planning is used and is motivated as determining the unit’s capacities. The 

third aspect is short-term planning, which main purpose is to decide when the different 

production units should be producing. The planning is often based on optimisation models 

that solve two different kinds of problems; the unit commitment (UC) problem, which 

handles the start/stop of production units, and the economic dispatch (ED) problem, which 

refers to the problem of best fitting the unit’s production levels given which units are in and 

out of operation.  

A general optimisation problem can be written as:  

min or max𝑓(𝑥)  

𝑠. 𝑡.   𝑔𝑗(𝑥) = 0,   𝑗 = 1,… . , 𝑛 

                  ℎ𝑗(𝑥)  ≤ 0, 𝑗 = 1, … . , 𝑚 

where f(x) is the objective function. When performing production planning in CHP-DH 

systems the objective function often handles the cost of producing heat and electricity in the 

available plants. These costs often include the cost of fuel and the taxes related to this fuel. In 

table 1 it is seen which fuels that are exposed to certain emission taxes, and if they are 

included in the electricity certificate system (ECS) or the European emission trading system 

(EU-ETS) in Sweden. Examples of technical constraints, such as ramp rates, which relates to 

the maximum allowed change in output per time-step and start/stop constraints of the plants 

are examples of what the two conditions,  𝑔𝑗 and ℎ𝑗, could include and are often included to 

make the models work in a more realistic manner.  

According to Salgado and Pedero (2007) has the deregulation of electricity markets led to 

that the planning of these systems does not only depend on the heat and power demands but 

also on the electricity price. Examples of how UC and ED problems can be stated as are; 

linear programming- (LP), mixed integer linear programming (MILP) and nonlinear 

programming (NLP) problems. The problem with NLP is that it does not guarantee that the 

solution is a global optimum unless the problem is convex. On the other hand, LP and MILP 

problems ensure that a local optimum also is a global optimum, due to convexity.  
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Table 1: Factors connected to fuel costs. ● = Included, - = not included 

          Fuel      Energy tax1 CO2 tax1 SO2 tax1 NOX fee2 ECS1 EU-ETS1 

Biofuels - - - ● ● - 

Waste - - - ● - ● 

Natural gas ● ● - ● - ● 

Coal ● ● ● ● - ● 

Oil ● ● ● ● - ● 

Peat - - ● ● ● ● 

 

The task to ensure a stable supply of heat and at the same time maximise profitability creates 

the need for accurate forecast models. The demand of heat, as can be seen in figure 2, has a 

strong inverse correlation to the outdoor temperature. Pedersen and Ulseth (2006) and 

Dotzauer (2002) have both created methods for modelling heat demand by using regression 

models. Pedersen and Ulseth (2006) used the daily temperature mean to predict the heat 

load and Dotzauer (2002) included the weekly and daily patterns to capture the social 

behaviour.  

 

Figure 2: Inverse correlation between heat demand and outdoor temperature 

Regression models are often used to describe the causal relationship between one or more 

input variable(s) and the desired output. The procedure is that an input vector 𝑋𝑇 =

(𝑋1, 𝑋2, … , 𝑋𝑝) is used to predict a real-valued output Y and the linear regression model can 

then be expressed as: 

𝑓(𝑋) = 𝛽0 + ∑𝑋𝑗𝛽𝑗

𝑃

𝑗=1

 

                                                      

1 (IVA, 2015) 
 
2 Source: (Energimyndigheten; SCB, 2017)  



7 

Training data (𝑥1, 𝑦1), . . . , (𝑥𝑁 , 𝑦𝑁) is used as input to the model to estimate the parameter 𝛽. 

One example to find these parameters is the Least Square Method, which minimises the 

Residual Sum of Squares (RSS) so that the mean quadratic distance between the 

measurements and the model output values is minimised:  

𝑅𝑆𝑆(𝛽) =  ∑(𝑦𝑖 − 𝑓(𝑥𝑖))
2

𝑁

𝑖=1

 

                =  ∑ (𝑦𝑖 − 𝛽0 − ∑𝑋𝑖,𝑗𝛽𝑗

𝑃

𝑗=1

)

2
𝑁

𝑖=1

 

An important factor when the model parameters have been acquired is to assess the accuracy 

of the model, i.e. to quantify the extent to which the model fits the data. A common quantity 

used for this approach is the 𝑅2 - value. The 𝑅2- value takes on a value between 0 and 1 and is 

a statistical measure of how close the data are to the fitted regression line. The 𝑅2-value is 

calculated as the explained variation divided by the total variation:  

𝑅2 = 1 −
∑ (𝑦𝑖 − 𝑓(𝑥𝑖))

2𝑁
𝑖=1

∑ (𝑦𝑖 − 𝑦𝑚𝑒𝑎𝑛)
2𝑁

𝑖=1

 

3.2 Previous research 

The previous research part will both contain a perspective of how previous studies have 

used models to explain future scenarios and how the authors of these studies have modelled 

these systems.  

Mollenhauer et al. (2017) continued on the same path as Kumbastzky et al. (2017) that could 

be seen in the introductory part, and showed that a scenario with fluctuations in the 

electricity price could lead to business opportunities for CHP plants using thermal energy 

storages and heat pumps as flexibility measures on the German electricity market. The 

energy storage and heat pumps expands the operation capabilities, hence giving the CHP 

plant the possibility to take advantage of fluctuating electricity prices. The authors analysed 

the cost-optimal operation of a system, consisting of CHP plants, a peak load boiler and 

optional thermal storage or heat pump, by using a MILP model with a long-term timespan, 

using the “IBM ILOG CPLEX Optimizer”. From the study, it was concluded that increased 

flexibility of the CHP plant improves the integration of renewable energy sources.  

Sorknaes, Lund and Andersen (2015) motivate that due to the changes in the energy system, 

followed by the increased amount of RES, it is relevant to investigate the potential operating 

challenges for CHP plants operating in systems with a large amount of RES. An example of 

this is Denmark, with its high share of wind power. They studied how CHP plants connected 

to an accumulator tank can improve their economic feasibility in a Danish DH network and it 

was found that CHP plants can lower their net heat production cost (NHPC) by participating 

on both the regulating power market and the wholesale market. To find this, Sorknaes et al. 
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(2015) used the simulation tool energyPRO, with the objective to reduce the NHPC of the 

system. The procedure of energyPRO is to split the system of units into blocks, and then plan 

the operation structure by running the unit/block with the lowest NHPC first etc., with the 

overall goal to meet the heat demand.  

It was also seen that the number of operating hours increased by 25 percent, compared to 

partaking in only the wholesale market. This is connected to what Åberg et al. (2012) stated, 

regarding that CHP plants are preferable to operate many hours per year due to high 

investment costs. However, Sorknaes et al. (2015) do not include investments in their study. 

To evaluate the reliability of their results, sensitivity analyses were carried out on fuel prices, 

where the inputs were changed in order to be able to analyse the changes in the outputs.  

Wang et al. (2015) developed a LP model with a mid-term timespan and a twofold intended 

use; determine the system configuration and also optimising the planning and operating 

strategy of the system, consisting of CHP plants, heat only boilers, a solar thermal plant and a 

thermal energy storage. In their objective function, production costs and the revenue from 

selling electricity were included, which goes hand in hand to what Salgado and Pedero (2007) 

stated about the deregulation of electricity markets.  

min𝑍 =  ∑[𝐶 − 𝑐𝑝
𝑡𝑃𝑡]

𝑇

𝑡=1

 

Here, C is the production cost that could include a combination of fuel costs, service costs, 

environmental costs, taxes, etc.  𝑐𝑝
𝑡  and 𝑃𝑡 are the electricity market price and the generated 

electricity in time step t. Ramp-rates on the power production and limits on the accumulator 

tank were applied to make the model operate more realistically. 

|𝑃𝑢
𝑡 − 𝑃𝑢

𝑡−1| ≤ 𝑝𝑢,𝑟𝑎𝑚𝑝 

The results found by Wang et al. (2015) indicated that the method is efficient and flexible for 

planning and operating CHP-DH systems. They used data for January and July for a city in 

south Finland, i.e. two periods with temperature differences, to demonstrate their model. 

Further, the model was strengthened by looking into the heat demand profile and removing 

one of the plants, which lead to a more efficient operation of the other plants. By simulating a 

future scenario with an increased amount of RES, it was also shown that accumulator tanks 

could help CHP plants to operate more smoothly in fluctuating conditions.  

Magnusson (2012) declares that the ECS offers DH producers a way to maintain profits by 

investing in CHP plants and via this investment they can focus on electricity production in 

periods where the heat demand is low. Magnusson (2012) continues that it is important to 

take the decreasing heat demand into consideration when planning for such plants, due to 

that the heat might come to be considered as a waste product in future scenarios, which 

would not be optimal from the perspective of resource usage. Romanchenko, Odenberger, 

Göransson and Johnsson (2017) developed an optimisation model to study the DH system in 

Gothenburg and found that electricity certificates and periods with high electricity prices 

favour biomass-fired CHP plants with the ability to vary the power-to-heat ratio in the merit 

order. Being favoured in the merit order leads to more operating hours per year and therefore 
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stimulates the electricity production, i.e. in this case, the ability to vary the power-to-heat 

ratio and the ECS seems to help with the number of operating hours per year as Åberg et al. 

(2012) referred to as a problem. To evaluate their model, Romanchenko et al. (2017) 

compared the differences in the operating strategy for six different scenarios, all with 

different electricity price profiles.  

In the modelling procedure, the plants were given an operating region as could be seen in 

figure 1, where 𝐾1 and 𝐾2 are the slopes of the lines and 𝑅1and 𝑅2 are the intersections with 

the y-axis.   

𝐾1 ∗ 𝑄𝑡,𝑐ℎ𝑝𝑣𝑎𝑟
+ 𝑅1 ≥ 𝑃𝑡,𝑐ℎ𝑝_𝑣𝑎𝑟 

𝐾2 ∗ 𝑄𝑡,𝑐ℎ𝑝𝑣𝑎𝑟
+ 𝑅2 ≤ 𝑃𝑡,𝑐ℎ𝑝_𝑣𝑎𝑟 

Further on Romanchenko et al. (2017) exhibited that CHP plants with the ability to spill heat 

could benefit the power system in times with low weather dependent RES generation, i.e. 

periods with high electricity prices. The constraint that handled the ability to spill heat was 

modelled as:  

∑ 𝑄𝑡,𝑛 ≥ ℎ𝑒𝑎𝑡𝑑𝑒𝑚𝑎𝑛𝑑(𝑡)

𝑁

𝑛=1

 

A long-term model that could be used either as an LP or a MILP model was implemented in 

GAMS and was used to conduct the study of the system in Gothenburg, with the aim to 

minimise the operating cost of heat generation. In the objective function, Romanchenko et al. 

(2017) also included the revenue from selling electricity and electricity certificates together 

with expenses regarding fuel emission taxes.  

Romanchenko et al. (2017) validated their model by comparing actual yearly heat generation 

in the DH system of Gothenburg for 2012 with the modelled result, which indicated some 

small differences. 

Ommen, Markussen and Elmegaard (2014) modelled the district heating network in 

Copenhagen and used the three different approaches of LP, MILP and NLP to compare the 

different solution output from the individual plants in both short-and mid-term timespan.  

The analysed system is relatively large and consists of several CHP plants, heat only units, 

heat storages and heat pumps. The authors used the CPLEX package for the LP and the MILP 

model and for the NLP optimisation the CONOPT3 package was used. When considering 

costs in their optimisation, they only included the variable cost related to the consumption of 

the fuel due to that other variable costs related to operation and maintenance are not easy to 

quantify. They further state that “taxes on emissions and fuel will not be covered by the 

company operating the CHP-plant, but divided and paid by the end user of the utilities.” 

What could be seen from the optimisation was that the MILP model was the most 

appropriate from a viewpoint of accuracy and runtime. When modelling extraction plants, 

they used the slope of the Cv-line (compare with figure 1), 𝛽, in the range 0.11 – 0.14. In the 

evaluation of the results, Ommen et al. (2014) compared two different timeframes of January 

2011; one optimisation of the full timeframe and one where it was divided, in order to 

optimise individual days, to see how the optimised cost differed between the two aspects. 
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3.3 Interviews 

The answers provided from the interviews will be presented in a summary, divided into 

subsections that represent different areas of the interviews. Note that the interviews were 

performed in Swedish and have been translated into English.  

3.3.1 Production planning 

The overall perception from the interviews is that the heat load is the driving factor when 

companies do their production planning. Even if the most common answer from the 

respondents is that the main idea when performing production planning for CHP plants is 

with regards to the heat load, the importance of the electricity price as a considering factor is 

not in any way excluded. Many actors have procedures when planning for electricity, but it is 

common that electricity production is seen as a sort of bonus or an economical optimisation 

and electricity is mainly produced when it is possible and economically feasible.  

A recurring answer in the interviews is that the actors mention that they have a commitment 

to meet the heat demand from the heat customers and that this is the reason why the heat is 

prioritised. For example, respondent 4 mentions that “we have a commitment to deliver 

district heating so our main production planning is based on the heat load”, and this is 

strengthened by respondent 6, when saying that “the heat load, i.e. the sales of district 

heating is a foundation for the planning. That is the basis that we have”. Further, 

respondent 6 continues that the production also, to some extent, depend on estimations on 

the electricity prices.  

3.3.2 Reducing the heat production  

The ability to produce more electricity in CHP plants by rejecting the heat exists in many of 

the facilities subject to the interviews. This behaviour can be seen in figure 1. However, the 

utilisation of this type of production is overall rather low. One example of why the utilisation 

is low is mentioned by respondent 2, where it is said that in times of high electricity prices 

when this utilisation would be advantageous the heat demand is usually at peak levels, 

thereby giving less room to cool off heat. Respondents 4 and 5 both say that they have the 

possibility to cool off some of their heat production, but that it is rarely done.  

3.3.3 Adjusting the production of heat and electricity 

Overall, the electricity production in CHP plants is described to increase when the heat 

production increases. Another factor that affects the change in electricity production is the 

electricity price, according to the interviews. That being said, the respondents describe 

several measures used to change the relation between the heat- and electricity production.  

Answers from the interviews indicate that parts of the production adjustments take place on 

a day/night basis. The reason behind why they do not want to perform too much intra-day 

production-adjustments is according to respondent 4 a risk of wearing out the boiler. 
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Respondent 8 motivates that the electricity prices rarely are high enough to motivate hourly 

changes over day/night changes.  

A common solution that the interviewees’ mention that their companies use in a way such 

that they do not have to adjust the production, is an accumulator tank. This is argued by 

respondent 1 to be a good temporary solution instead of starting an additional boiler or to 

keep the plant operating smoothly.  

Respondent 8 continues, that there is a possibility to change the electricity output by 

changing the steam production in the boiler. However, it is further mentioned that they have 

a much faster method, which is to adjust the amount of steam passing through the turbine 

and how much that goes directly to the heating condenser. These alternatives with different 

timeframes are connected to section 4.4 regarding the modelling of ramp rates and 

strengthen the need to implement these conditions when modelling CHP plants.  

Respondent 8 further mentions that in most cases, their boilers and turbines operate in 

maximum capacity regardless of the electricity price. This indicates that these particular 

plants do not have a flexible operating strategy.   

The fact that a district heating network is inert by nature is another solution companies can 

use if they want to increase their electricity production. However, it is not mentioned in what 

time aspect this measure is used.  

Flue gas condensation is implemented in several bio-mass fired facilities, and respondent 6 

mentions that it can be used as a flexibility measure. It is said that if the electricity price 

increases to a significantly higher level, the flue gas condensation can be stopped. Then, there 

is an increased amount of heat that can be produced from cogeneration, instead of taking it 

from the flue gas condensation which only gives heat as output.  

3.3.4 Fuel mix  

The order of the fuels used in these different heat load levels follows a cost based principle, 

meaning that the cheapest plant is also the plant that will be used for the base load. If a 

company has a waste fired plant, this is usually the cheapest one and is therefore used 

throughout the year. This is due to that if a company uses waste as fuel, they get paid for 

handling the fuel and therefore have an income, when using this type of fuel.  

Waste heat from industries is also a common base load if it is available. One example of a 

production mix is shown in figure 3.  
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Figure 3: Duration diagram for a system of heat only- and CHP plants 

3.3.5 Reductions in electricity production 

The interviewees were asked when and if they reduce their electricity production in favour of 

the heat production. Respondent 4 says that reduction of electricity production almost 

exclusively occurs when another plant is not running for some reason and the heat load needs 

to be met, for example during a breakdown, since they mainly not allow to cool off the 

produced heat. This indicates that not only the market conditions play a role, internal 

company regulations also affect if the electricity production is reduced or not. Respondent 8 

says that reducing the electricity production is interesting if the alternative is to use an oil-

fired plant. Further, it is stated that electricity reduction is a much faster option compared to 

starting an additional boiler.  

As follows, cold outdoor temperatures lead to more times with reduced electricity production, 

according to respondent 5.  

However, the production of electricity is not only connected to when the heat load increases; 

the development of the electricity price is also an important factor to consider. For example, 

respondent 2 mentions that the electricity production reduction is affected by the electricity 

price and that to meet an increased heat demand, “more oil is used instead of reducing the 

amount of electricity” if the electricity price is favourable enough.  

Respondent 1 describes the order of when the electricity production is reduced in the 

different plants. The waste plant´s production is reduced first, since it does not have any 

income from electricity certificates. The next plant to decrease its electricity production is the 

bio plant. The electricity production in the coal plants does not decrease, due to emission 

taxes and fees on the production.  
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4 DEVELOPED MODEL 

The ideas behind the modelling procedure have been gathered from the literature study and 

the interviews. The intended use of the model is to use it on a long-term basis to find how 

much electricity CHP plants produce on a yearly basis.  

From the interviews, it could be seen that production planning models that uses an 

optimising structure are normally used to plan the optimal production in CHP plants. This 

was also seen from the literature study, where optimisation models were implemented to 

create a better understanding of how CHP plants produce in district heating networks. What 

could be seen from the interviews was a recurrent answer that they could lower their 

electricity production to produce more heat, though this type of modelling was not found in 

the literature study.  

In the developed model, it will be assumed that the total efficiency and ramp-rates will be the 

same for all of the production units. Flue gas condensation has not been modelled, though 

the installed capacity has instead been added to its respective plants total installed capacity. 

Neither will the inertia of the district heating system be modelled.   

This model will be developed in the open-source programming language Python where the 

convex optimisation package CVXPY was used. Python was chosen due to its availability 

(open source) and its many scientific libraries that are well developed for performing data 

analysis and mathematical calculations.  

4.1 Objective function 

The overall objective of the model is to find the optimal dispatch from the generating units in 

the system while at the same time making sure that the technological constraints and that the 

demand for heat is met at all times. The objective function used in this optimisation model 

minimises the production costs and, and is inspired by Romanchenko et al. (2017) who base 

their model on costs generated from producing heat and electricity, revenues from selling 

electricity at the current electricity price and revenues from selling electricity certificates are 

also included. Electricity certificates are obtained by producing renewable electricity, which 

in the case for CHP plants subjects to plants that use biofuels.  

min [∑𝐶(𝑛)
𝑓𝑢𝑒𝑙 ∗ (

𝑃(𝑡,𝑛) + 𝑄(𝑡,𝑛)

𝜂𝑡𝑜𝑡
) + 𝑄(𝑡,𝑛) ∗ 𝐶(𝑛)

𝑡𝑎𝑥 − ∑𝑃(𝑡,𝑛) ∗ 𝐶(𝑡)
𝑒𝑙

𝑇,𝑁

𝑡,𝑛

− ∑𝑃(𝑡,𝑛)
𝑏𝑖𝑜

𝑇,𝑁

𝑡,𝑛

𝑇,𝑁

𝑡,𝑛

∗ 𝑅𝐸𝐶] 

4.2 Heat demand 

The constraint that handles that the customers´ heat demand should be met at all times is 

handled by the equation below. It can be explained as the sum that is being produced from 

each plant in the system in each time-step should equal the amount of heat that is demanded. 

The variable 𝑄(𝑡)
𝑎𝑐𝑘 is used if an accumulator tank is included in the studied system. The 
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variable is positive if heat is taken out of the tank and negative if the tank is being loaded in 

the respective time-step.  

∑𝑄(𝑡,𝑛) + 𝑄(𝑡)
𝑎𝑐𝑘 = ℎ𝑒𝑎𝑡(𝑡)

𝑑𝑒𝑚𝑎𝑛𝑑

𝑁

𝑛

 

4.3 Energy storage 

If an accumulator tank is included in the system the constraint that handles the amount of 

energy stored in the tank can be explained as: The amount of energy contained in the tank in 

the previous time step, minus if the tank is being loaded or unloaded in the current time-step 

amounts to the amount of energy in the tank in the current time step.  

𝐸(𝑡−1)
𝑎𝑐𝑘 − 𝑄(𝑡)

𝑎𝑐𝑘 = 𝐸(𝑡)
𝑎𝑐𝑘  

The minimum and maximum amount of energy that can be stored and how much energy that 

can be loaded or unloaded from the tank, 𝑎𝑐𝑘𝑚𝑖𝑛, in this case relates to loading the tank with 

heat, i.e. periods when the variable 𝑄(𝑡)
𝑎𝑐𝑘 is negative. The same logic goes for 𝑎𝑐𝑘𝑚𝑎𝑥, which is 

then a positive value that relates to unloading heat from the tank into the district heating 

system. The limits of the tank are given by the following constraints:  

𝐸𝑎𝑐𝑘,𝑚𝑖𝑛 ≤ 𝐸(𝑡)
𝑎𝑐𝑘 ≤ 𝐸𝑎𝑐𝑘,𝑚𝑖𝑛 

𝑎𝑐𝑘𝑚𝑖𝑛 ≤ 𝑄(𝑡)
𝑎𝑐𝑘 ≤ 𝑎𝑐𝑘,𝑚𝑎𝑥  

4.4 Ramp rates 

Wang et al. (2015) included ramp rates to make their model more realistic. Ramp rates 

control how much each plant can change their output in terms of heat and electricity 

production between two different time steps. Here, it has been assumed that the same ramp-

rate is valid for both up and down ramping. 

|𝑄(𝑡−1,𝑛) − 𝑄(𝑡,𝑛)| ≤ 𝑅  

4.5 Minimum and maximum production limits 

From the literature study, it was found that there were mainly two different types of CHP 

plants producing electricity. The backpressure and extraction plant, where the backpressure 

plant is the more inflexible of the two, as could be seen in the literature study. From the 

interviews, another type of plant was also found, and here we will refer to it as a “bypass 

plant”.  
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4.5.1 Heat only boilers 

Plants that only produce heat have been given upper and lower boundaries, as follows:  

ℎ𝑜𝑏𝑚𝑖𝑛 ≤ 𝑄(𝑡,𝑛)
ℎ𝑜𝑏 ≤ ℎ𝑜𝑏𝑚𝑎𝑥  

4.5.2 Backpressure plant 

Backpressure plants produce heat and electricity in a ratio according to the backpressure line 

as visualised in figure 4. These plants have been modelled as:  

ℎ𝑒𝑎𝑡𝑚𝑖𝑛 ≤ 𝑄(𝑡,𝑛)
𝑏𝑝 ≤ ℎ𝑒𝑎𝑡𝑚𝑎𝑥 

𝑃(𝑡,𝑛)
𝑏𝑝 = 𝑄(𝑡,𝑛)

𝑏𝑝 ∗  𝛼 

 

 

 

 

 

 

 

 

 

4.5.3 Extraction plant  

Mollenhauer et al. (2017) and Romanchenko et al. (2017) modelled an extraction plant by 

enclosing its operating region by representing minimum and maximum loads together with 

the backpressure region as lines. In this thesis, an assumption has been made that the 

minimum load for any plant is zero, i.e. the operating region will be expressed as a triangle. 

The operating region for an extraction plant is shown in figure 5. The region is bounded by 

two lines, where the lower line relates to the backpressure line, i.e. when both heat and 

electricity is generated following the ratio of the 𝛼-value. The upper region limit is expressed 

as a straight line that intersects the y-axis (power), where the plant does not have any heat 

production, and meets the backpressure line to close the operating region.  

 

Figure 4: Backpressure plant operating line 
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𝑄(𝑡,𝑛) ∗ 𝛼 ≤ 𝑃(𝑡,𝑛)
𝑒𝑥 ≤ 𝑒𝑥(𝑛)

𝑚𝑎𝑥 + 𝜆 ∗ 𝑄(𝑡,𝑛) 

ℎ𝑒𝑎𝑡(𝑛)
𝑚𝑖𝑛 ≤ 𝑄(𝑡,𝑛) ≤ ℎ𝑒𝑎𝑡(𝑛)

𝑚𝑎𝑥 

 

 

 

 

 

 

 

4.5.4 Bypass plant 

From talking to people related to the CHP sector, it was shown that a usual behaviour for 

CHP plants is to lower their electricity production during hours when the heat load is high. 

By doing this they can produce more heat. As mentioned earlier, respondent 8 said that 

“Lowering the electricity production to be able to produce more heat is often more economic 

viable than starting a top-load boiler”. The production behaviour of the CHP plants included 

in the studied systems is visualised in figure 6. Here it can be seen that the production follows 

the same triangular shaped area as the earlier mentioned extraction plant, though here the x 

and y axis has been reversed, which corresponds to respondent 8´s answer.    

 

Figure 6: Yearly CHP production behaviour 

Figure 5: Operating region for an extraction CHP plant 
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The modelling procedure for these plants was performed in the same manner as for an 

extraction plant.  The lower bound on the heat constraints relates to the backpressure line, 

where: 

𝛼 =
𝑃

𝑄
 

Thereby an expression for heat production can be expressed as:  

𝑄 =
𝑃

𝛼
 

The constraints that bounds the plant to its operating region is then expressed from the 

constraints below, where the first constraint relates to the heat production and the second to 

electricity production. From the interviews, it was found that respondent 5 replied that: 

“Bypassing steam is performed in a 1:1 manner, i.e. reducing electricity production by one 

gives one additional heat”. The slope 𝛾 of the upper region is thereby equal to -1.  

𝑃(𝑡,𝑛)

𝛼
≤ 𝑄(𝑡,𝑛)

𝑏𝑦 ≤ 𝑏𝑦(𝑛)
,𝑚𝑎𝑥 + 𝛾 ∗ 𝑃(𝑡,𝑛) 

𝑒𝑙(𝑛)
𝑚𝑖𝑛 ≤ 𝑃(𝑛) ≤ 𝑒𝑙(𝑛)

𝑚𝑎𝑥 

 

 

 

 

 

 

4.6 Regression model 

The least square method presented in the literature study was used to model the heat load. 

The regression model can be used to forecast future heat loads and by using a regression 

model it will connect the optimisation to the outdoor temperature, where it will provide the 

user a freedom to test how the model would have worked under other conditions. 

Temperature is the biggest factor that drives the demand for heat, though social behaviour 

also contributes to the heat load as mentioned by Dotzauer (2002). Therefore, the day of the 

Figure 7: Operating region for a bypass CHP 
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week and the hour of the day have also been included as inputs to the regression model, to 

catch the social behaviour. The predictors in the model will be:  

𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 =  

𝑡1
⋮
𝑡𝑛

 

𝐷𝑎𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑒𝑒𝑘 =  
𝑑1

⋮
𝑑𝑛

 

𝐻𝑜𝑢𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑎𝑦 =  
ℎ1

⋮
ℎ𝑛

 

The heat load has a second-degree polynomial shape as could be seen in figure 2, therefore 

the input data has been transformed into polynomial combinations of the second degree: 

𝑋 =  

[
 
 
 
1 𝑡1 𝑑1 ℎ1 𝑡1

2 𝑡1 ∗ 𝑑1 𝑡1 ∗ ℎ1 𝑑1
2 𝑑1 ∗ ℎ1 ℎ1

2

1 𝑡2 𝑑2 ℎ2 𝑡2
2 𝑡2 ∗ 𝑑2 𝑡2 ∗ ℎ2 𝑑2

2 𝑑2 ∗ ℎ2 ℎ2
2

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
1 𝑡𝑛 𝑑𝑛 ℎ𝑛 𝑡𝑛

2 𝑡𝑛 ∗ 𝑑𝑛 𝑡𝑛 ∗ ℎ𝑛 𝑑𝑛
2 𝑑𝑛 ∗ ℎ𝑛 ℎ𝑛

2]
 
 
 

 

4.7 Model validation 

The validation process of the model consists of comparing the model’s outputs with historical 

production data provided from the respondents mentioned above. Factors such as yearly and 

quarterly electricity production will be used to compare the behaviour of real and modelled 

plants. The validation will be based on a period of one year where the available data from the 

systems have been provided from the year of 2017. The electricity price that will be used can 

be found in Appendix 2 and the input data for both systems can be found in Appendices 3 

and 4.  

In the validation process, the model will have perfect foresight against the real heat load and 

electricity price during the simulated periods, in order to test the behaviour of the model. 

Plants that are known to be out of operation during longer periods, due to what could be for 

example maintenance, will also be shut off in advance in the model. The manual shut down of 

plants will only include plants that do not use fossil fuels which in the studied systems are 

seen as top-load plants. By using this approach, the thesis authors believe that it will provide 

a sense about if the model would have behaved in the same way as the real operation.  

 

 

 

 



19 

5 RESULTS 

In the following sections results from both the optimisation and the regression model will be 

presented.  

5.1.1 Results from the regression model 

In figure 8, it is seen that the regression model for system 1 obtains outliers above the top 

whisker and therefore predicts that the maximum heat load will be higher compared to the 

real heat load. The statistical measure 𝑅2 determines the accuracy of the model and the 

obtained value was,  𝑅2 = 0.90. The accuracy of the regression model for system 2 was lower 

compared to system 1 where the obtained value for system 2 was 𝑅2 = 0.81. 

 

Figure 8: Heat load distributions, top = system 1, bottom = system 2 

In figure 9 it is seen that the seasonal variations in the heat load is captured by the regression 

model for both of the systems. The results show that in system 1, Q4 had the largest deviation 

and for system 2, Q1 had the largest deviation.  
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Table 2 Quarterly difference between real and predicted heat load (GWh) 

System 1 Q1 Q2 Q3 Q4 Tot 

Real 645 314 202 553 1715 
Regression 629 332 223 530 1715 
Difference 16  18  21  23  - 

System 2      

Real 448 210 155 336 1149 
Regression 426 230 163 329 1148 

Difference 22  20  8  7  1  
 

 

Figure 9: Real and predicted heat load for 2017, left: system 1 and right: system 2 

5.1.2 Electricity production 

From the optimisation, the result of the total electricity in system 1 was 10 percent lower than 

the actual value. From the provided production data, it was seen that the heat only boilers 

and the heat pump produced 38 GWh of heat during the year compared to the model results 

where the heat only boilers and the heat pump together produce 12 GWh, in system 1.  

For system 2, the electricity production was 7 percent lower than the real production. For 

system 2, the real production from the heat pump and heat only boilers were 101 GWh and 

the modelled value was 67 GWh. In system 2, industrial waste heat was also included, where 

real and modelled data were 335 GWh and 278 GWh, respectively.  

In figure 10 it is seen that the waste unit produces both the most heat over the year, followed 

by the bio plant and at last the coal plant, both in the modelling and real results for system 1. 

For system 2, the same result follows where the waste unit produces the most, followed by 

the bio plant, seen in figure 11. The model showed to have the smallest deviation from the 

real electricity production during Q3, for both systems, as can be seen in table 3. 
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Table 3 Difference (GWh) electricity production per quarter, perfect foresight 

System 1 Q1 Q2 Q3 Q4 Tot 

Real  157 106 61 94 420 
Model  119 101 60 100 380 
Difference  38  5  1  6  40  
System 2      
Real 89 34 21 46 190 
Model 95 25 24 31 177 

Difference 6  9  3  15  13  
 

The results from running the optimisation with the predicted heat load for the studied year 

resulted in a total electricity production 3 percent lower than the actual production for 

system 1. The deviation for system 2 turned out to be higher, at 10 percent below the actual 

production. For system 1, Q1 ends up as the quarter when the model had the largest deviation 

from the actual values, as can be seen in table 4. Meanwhile, Q4 was the quarter where the 

model deviated most from the actual production for system 2.  

The heat only boilers and the heat pump together only produced 13 GWh of heat during the 

year in system 1. In system 2, this value added up to 101 GWh.  

Table 4 Difference (GWh) electricity production per quarter, predicted heat load 

System 1 Q1 Q2 Q3 Q4 Tot 

Real 157 106 61 94 420 
Model 133 106 66 100 405 

Difference 24  0  7   6   15  

System 2      
Real 89 34 21 46 190 
Model 93 23 23 32 171 
Difference 4  11  2  14  19  
 



22 

 

Figure 10: Production real vs modelled with perfect foresight, system 1 

 

Figure 11: Production real vs modelled with perfect foresight, system 2 
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5.1.3 Production behaviour 

The term behaviour is here defined as how the different plants choose to produce electricity. 

Both the real data and the results from the model will be displayed to show the difference 

between reality and the model.  

The period shown in figure 12 had a median temperature of -3.5°𝐶 and it is seen how both the 

real plants and the simulated plants behave in the same manner, where they start to lower 

their electricity production in favour of heat when the temperature goes below around -5°𝐶. 

This behaviour is seen for the waste and the bio plant in figure 12 for system 1. In the same 

figure, it is seen that the electricity production in the coal plant is not reduced in the same 

manner, but is instead operated according to the backpressure line during this period. 

Though, the model seems to be more temperature sensitive where it can be seen that it lowers 

its electricity production to a level lower than in the real case. The coal plant in the model is 

used more sporadically where it is being turned on and off with small times-spaces.  

A difference in system 2 is that the waste unit operates more smoothly in the real production, 

seen in figure 13. The results from the modelled waste unit shows that it is more sensitive to 

temperature differences compared to the real production, as was also seen for system 1. 

Though, for the real production data it can be seen that the bio plant is seen to be more 

temperature sensitive compared to the waste plant.   

 

Figure 12: Production behaviour, top = teal values, bottom = model values, system 1 
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Figure 13: Production behaviour, top = teal values, bottom = model values, system 2 

From table 5, it is seen that during the year of 2017 there was ca 1.5 days where the 

temperature was lower than -10°𝐶 in system 1. From the real valued data, it could be seen 

that system 1 produced ca 0.8 GWh of electricity and the model produced 0 GWh in this 

interval when the temperature was lower than -10°𝐶. For system 2, there were only 8 hours 

with a temperature below -10 °𝐶 and as can be seen in table 5, the model did not produce any 

electricity during these hours.    

Table 5 : Electricity production (GWh) in temperature intervals, perfect foresight 

System 1 𝑻 ≥ 𝟐𝟎 𝟏𝟎 ≤ 𝑻 < 𝟐𝟎 𝟎 ≤ 𝑻 < 𝟏𝟎 −𝟏𝟎 ≤ 𝑻 < 𝟎 𝑻 < −𝟏𝟎 

Hours/year 633 2971 3505 1616 35 
Real 20 94 201 103 0.8 
Model 17 95 197 71 0 
Difference 3  1  4  32  0.8  

System 2      
Hours/year 421 3794 4049 488 8 
Real 5 47 111 26 0.3 
Model 6 45 101 25 0 
Difference 1  2  10  1  0.3  
 

When running the optimisation with the predicted heat load it is seen that the difference in 

the interval 10 ≤ T < 20 increases with 13 GWh compared to the earlier 1 GWh deviation for 

system 1. Though, the difference in the interval −10 ≤ T < 0 is now lower for system 1.  
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Table 6 Electricity production (GWh) in temperature intervals, predicted heat load 

System 1 𝑻 ≥ 𝟐𝟎 𝟏𝟎 ≤ 𝑻 < 𝟐𝟎 𝟎 ≤ 𝑻 < 𝟏𝟎 −𝟏𝟎 ≤ 𝑻 < 𝟎 𝑻 < −𝟏𝟎 

Hours/year 633 2971 3505 1616 35 
Real 20 94 201 103 0.8 
Model 16 108 202 79 0 

Difference 4  14  1  24  0.8  

System 2      
Hours/year 421 3794 4049 488 8 
Real  5 47 111 26 0.3 
Model 6 45 93 27 0 

Difference 1  2  15  1  0.3  
 

6 DISCUSSION  

In the next coming sections, we will discuss our chosen method along with the most 

important results. 

The validation of the developed model was performed against a perfect foresight in regard to 

heat load, electricity price and to what periods the non-fossil fuelled plants were out of 

operation. To assume that these plants will be out of operation at the exact same period the 

next coming year could produce errors and thus not provide an enhanced understanding of 

how CHP plants produce electricity. It is therefore important to understand that the 

developed model will without this perfect foresight always produce heat and electricity at the 

cost optimal without the interference of any human impact, which was included in the 

validation. In other words, the model will provide an understanding of how these plants 

would behave under optimal conditions. In section 3.3.3 it was seen that producers can 

utilise flue gas condensation and the inertia of the district heating system to be more flexible 

when it comes to electricity production. Though, in this thesis these aspects were not 

modelled and could thus lead to that the true behaviour was not captured.  

6.1 Method 

The idea to not only base the model on information found in literature, but also include 

interviews is considered to strengthen the results. This is due to that from the interviews; 

several key aspects were obtained that increased the realistic level of detail in the model, 

without increasing the complexity. Examples of these factors are production levels of plants 

and the regions that were displayed in figure 6. To find this specific information without 

performing the interviews would have been complicated and if some of the values would have 

been estimated instead, the risk of obtaining incorrect results increases. Strengthening the 

model with the interviews also gave an up-to date picture of different operation strategies 
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which provided a broader sense of how CHP plants plan their production. From the 

interviews, it was found that a lot of what was said corresponded to the findings in the 

literature. Further, some respondents described aspects that were not acquainted with 

through the literature study, which is considered to strengthen the need for conducting the 

interviews.  

6.2 Production behaviour 

From the modelling results, it could be seen that the temperature sensitivity, i.e. that the 

plants are lowering their electricity production to be able to meet the heat load, suggests that 

the economic dispatch finds it too expensive to include the top-load boilers in the production 

mix. This also relates to what respondent 5 said; “cold outdoor temperatures lead to more 

times with reduced electricity production”. In figure 14 it can be seen that when the 

temperature goes below −10℃, the installed heat capacity in the CHP plants is not enough to 

cover the heat load without lowering the electricity production and without starting a top-

load boiler in system 1. If the availability of the CHP units in system 1 is 100 percent, they can 

at full backpressure mode deliver 370 𝑀𝑊𝑡ℎ and 145 𝑀𝑊𝑒𝑙 .  

Between the fifth and the seventh of January 2017 was when the coldest period during the 

year occurred and the maximum heat load during this period was 482 MW. To the right in 

figure 14 it is seen what would be most profitable; lowering the electricity production in the 

waste and bio unit to zero and the coal unit by 2 MW without starting an oil fuelled top-load 

boiler compared to running them in full backpressure mode and start an oil fuelled top-load 

boiler to meet this heat load. It can be seen that it is more economic viable to lower the 

electricity production than starting a top-load boiler when the electricity price is lower than 

approximately 1000 SEK/MWh, to meet this heat demand. From the results it could be seen 

that there were times when the top-load boilers were included, this is due to that the 

economic dispatch chose to use the top-load boilers due to the validation factor where the 

plants were turned off in advance to match the real data, otherwise the heat demand could 

not have been met.  

 

Figure 14: Profitability at high heat loads 

 



27 

This indicates that there will be hours during the year when electricity production will not be 

available from CHP plants. The fact that the electricity production becomes reduced and not 

available from CHP plants during some hours of the year is also mentioned by respondent 1, 

who says that the production decrease especially during cold hours with a high heat demand. 

This is an interesting perspective, since it usually would be profitable to produce electricity 

during these hours due to high electricity prices which is true for most electricity generators 

on the electricity market. But here it is important to remember that district heating owners 

have the commitment to always deliver heat and not the electricity, as stated by respondents 

4 and 6.   

6.3 Predicted heat load 

In figure 15 it can be seen that the number of hours where the heat load is above full 

backpressure operation of the cheapest plant is larger in the predicted heat load for both of 

the systems and that the limits above are reduced. The horizontal lines in figure 15 represents 

the maximum installed heat capacity for each plant in its respective system. The increased 

number of hours indicates that the cheapest plant can operate in full backpressure more 

hours during the year and thus produce more electricity. It also follows that the reduced 

number of hours suggests that these plants can produce less electricity over the year, where 

the upper limits in figure 15 corresponds to the bio and coal plant for system 1, for system 2 

the upper limit corresponds to the bio plant.  

 

Figure 15: Heat load duration curves, system 1 and 2 

The logic behind that more electricity production follows with an increased number of 

operating hours per year is true for system 1, where the waste plant produces 10 GWh more 

electricity compared to when the real heat load data were used. Further, it also follows that 
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the bio and the coal plants produced 9 and 15 GWh less electricity. I.e. the increased amount 

of operating hours for the waste plant is the contributor to that more electricity is produced 

when running the model with the predicted heat load for system 1.  

Though, system 2 does not follow this logic; where the modelled waste plant produced about 

35 GWh less electricity over the year and the modelled bio plant produced 16 GWh more 

compared to the real data. The biggest difference between the two systems is that system 2 

has an industrial waste unit included in its production mix with a zero cost. The model can 

then choose when to include this free heat and exclude the other production units. This may 

not be a realistic behaviour and may be a contributing factor to that the results are different 

between the two systems. Another difference in the systems are the alpha values, where in 

system 1 the waste plant has the highest alpha and the lowest fuel cost, followed by the bio 

and coal plant. Though in system 2, the waste unit has the lowest cost but its alpha value is 

lower than that of the bio plant.  

In the study performed by Romanchenko et al. (2017) it was seen that bio plants that could 

increase their alpha value by producing more electricity was favoured in the merit order. 

Even though these plants were extraction plants, the similarity with system 2 is that the bio 

unit has a larger alpha value and is thereby favoured in the merit order.  

The fact that the heat load has a value of zero in the real production data, but not in the 

predicted is also believed to be a contributing factor to the increased amount of electricity 

produced.  This could also be seen from the increased amount of heat production in the 

respective system.  
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7 CONCLUSIONS 

The purpose of this thesis was to develop and evaluate a tool that could be used to get an 

improved understanding of CHP plants´ electricity production behaviour given different 

factors such as outdoor temperature, electricity and fuel prices.  

What can be concluded from this thesis is that the heat load is the underlying factor for 

electricity production in CHP plants and the electricity price is what controls the producers 

will to produce electricity. Thus, through this commitment and will, it can be seen that there 

will be hours during the year when electricity production from CHP plants will not be 

available.  

By giving each plant a region to produce within as a constraint, the algorithm is allowed to 

choose if the electricity production should be lowered to cover the heat load or if the next 

plant in the merit order should produce this additional heat. It can be seen that the model 

follows the logical order, where the cheapest plant should produce first and thereby follows 

the answers that were provided from the interviewees. Thus, it can be concluded that this 

type of modelling provides a realistic representation of how CHP plants produce. The fact 

that the results from the studied systems differ indicates that CHP plants production is hard 

to generalise into an aggregated model, which strengthens the need for this type of modelling 

approach.  

Though, from the results it could be seen that an exaggerated behaviour from the model was 

displayed and occurred due to the fact that the optimised structure of the simplified model 

always is optimal. This deviates from real life where company regulations and the human 

aspect have a large impact on how these plants produce. It is also believed that the decision 

to not model flue gas condensation and the inertia of the district heating system affects this 

exaggerated behaviour, due to that these could provide a flexible endurance in regard to 

electricity production for the respective system.  

In the literature study, we did not find any previous research that focused on the total yearly 

electricity production, it is therefore difficult to draw any conclusion about if the deviation of 

10 percent are within certain frames which dictates if these results are good or not. However, 

what could be seen is that the model contributes with an enhanced understanding of how 

CHP plants produce electricity for the studied systems.  
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8 FURTHER WORK 

An interesting idea would be to compare the results of this modelling approach with different 

types of energy system optimising models to see how the results differ.  Depending on what 

this comparison would show, a continuation could be to implement and transfer this kind of 

modelling approach to see if it would provide an enhanced understanding of CHP plants on a 

system wide level. This could minimize the risk that the user draws misleading conclusions as 

mentioned by DeCarolis et al. (2017), i.e. the user could thereby attain more reliable results 

without the need to use a “stand alone” model. 
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Appendix 1: interview questions 

1. Do you perform your production planning with regards to the heat load only? 

2. Can your facility be set in full condense mode?  

3. What are your possibilities to control the operation when producing both heat and electricity? 

For example, react to rapid changes in the electricity price.  

4. At what levels would you classify the heat load as ‘base, mid and high’? 

5. Which fuels do you use at these levels? 

6. How does the electricity production look at these levels? 

7. When do you start to reduce the electricity production, with respect to the heat load and 

outside temperature? 

8. Do you have an accumulator tank? If so, what are the capacity and the maximum 

load/withdrawal? 

 

 

Original Swedish questions  

1. Produktionsplanerar ni enbart efter värmelasten?  
2. Kan ni köra ert verk i ren kondensdrift?  
3. Vad har ni för möjligheter att reglera driften, när ni producerar både el och värme? Ex reagera 

på snabba ändringar i elpriset?  
4. Vid vilka nivåer skulle ni klassificera värmelasten som bas mellan och hög? 

(Varaktighetsdiagram?)  
5. Vilka bränslen används vid de olika nivåerna?  
6. Hur ser er el-produktion ut för dessa nivåer?  
7. När börjar ni backa elproduktionen, med tanke på värmelast och utomhustemperatur?  
8. Hur ser det ut med ackumulatortank? Vad har ni för kapacitet och nivåer på i- och 

urladdning? 

 

 

 

 



 

 

Appendix 2: electricity price 2017 

The electricity price was collected from Nordpool (2018).  

Table 7: Statistical measures electricity price 

Measure Electricity price [SEK/MWh] 
Mean 283 

Median 279 
Min 49 
Max 1259 

 

 

Figure 16: Left: Visualisation of electricity price 2017, Right: Histogram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

APPENDIX 3: SYSTEM 1 

The maximum energy content that the tank can hold is 180 MWh. The max load factor is 70 

MW and the min load factor is -70 MW. It was assumed that the energy content in the 

storage was at its maximum in the initial and at the last time-step.  

Table 8: Description of units included in system 1 

Unit Fuel 𝑴𝑾𝒕𝒉 𝐌𝐖𝐞𝐥 Fuel cost  Fuel tax3 REC Ramp 𝜼𝒕𝒐𝒕  
CHP Coal 100 35 70 478 - 15 0.9 
CHP Bio 150 60 159 - - 15 0.9 
CHP Waste 120 50 -100 - - 15 0.9 
HOB Oil 100 - 542 411 - 15 0.9 
HOB Oil 70 - 542 411 - 15 0.9 
HOB Oil 120 - 542 411 - 15 0.9 

Heat Pump El4 15 - El price - - 15 3 
Sum - 675 145 - - -   

 

The heat load for the year of 2017 that will be used for the validation of system 1 had a 

median value of ca 200 MW, a peak value of ca 500 MW  and as can be seen in the Boxplot 

the minimum value is zero.  

 

Figure 17: System 1: Right – Histogram heat load, Left – Boxplot  heat load 

The temperature that will be used in the regression model to predict the heat load had a 

median value of 7 °𝐶, a maximum value of ca 30 °𝐶 a minimum value of -16 °𝐶.  

                                                      

3 Source: Energimyndigheten (2017). Taxes included: Energy-, CO2 and Sulphur-tax 
4 Electricity 



 

 

 

Figure 18: System 1: Right - Histogram temperature, Left - Boxplot temperature 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

APPENDIX 4: SYSTEM 2 

The second system that will be used for the validation is quite similar to the first system, 

though there are differences. One of these is that this system has the opportunity to obtain 

waste heat from industrial processes and the other is that the accumulator tank included in 

this system has the capacity to hold 2.2 GWh. 

Table 9: Description of units included in system 2 

Unit Fuel 𝑴𝑾𝒕𝒉 𝐌𝐖𝐞𝐥 Fuel cost  Fuel tax5 REC Ramp 𝜼𝒕𝒐𝒕  
CHP Bio 138 60 159 - - 15 0.9 
CHP Waste 60 18 -100 - - 15 0.9 
HOB Oil 300 - 542 411 - 15 0.9 

Heat Pump El6 30 - El price - - 15 3 
Waste heat - 40 - - - - - - 

Sum - 568 78 - - - - - 

 

The median value of the heat load used for the validation of system 2 was 118 MW, peak value 

345 MW, and the minimum value was 0 MW.  

 

Figure 19: System 2: Right – Histogram heat load, Left – Boxplot heat load 

The median temperature of the temperature data was 9 °𝐶, it reached a maximum of 27 °𝐶 

and the temperature on the coldest day of the year was -11 °𝐶. 

                                                      

5 Source: Energimyndigheten (2017). Taxes included: Energy-, CO2 and Sulphur-tax 
6 Electricity 



 

 

 

Figure 20: System 2: Right - Histogram temperature, Left - Boxplot temperature 
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