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ABSTRACT 
 
Astra Zeneca plant in Gärtuna has many compression cooling machines for comfort that 
consume about 11.7 GWh of electricity per year. Many of the cooling machines are old; due 
to the increase of production of the plant, cooling capacity was limited and new machines 
have been built. Now, the cooling capacity is over-sized. Söderenergi is the district heating 
plant that supplies heating to Astra Zeneca plant. Due to the strict environmental policy in the 
energy plant, last year, a bio-fuelled CHP plant was built. It is awarded with the electricity 
certificate system.  
The study investigates the possibility for converting some of the compression cooling to 
absorption cooling and then analyzes the effects of the district heating system through 
MODEST optimizations. The effects of the analysis are studied in a system composed by the 
district heating system in Södertälje and cooling system in Astra Zeneca. In the current system 
the district heating production is from boiler and compression system supplies cooling to 
Astra Zeneca. The future system includes a CHP plant for the heating production, and 
compression system is converted to absorption system in Astra Zeneca. Four effects are 
analyzed in the system: optimal distribution of the district heating production with the plants 
available, saving fuel, environmental impact and total cost. The environmental impact has 
been analyzed considering the marginal electricity from coal condensing plants. The total cost 
is divided in two parts: production cost, in which district heating cost, purchase of electricity 
and Emissions Trading cost are included, and investment costs. The progressive changes are 
introduced in the system as four different scenarios. 
The introduction of the absorption machines in the system with the current district heating 
production increases the total cost due to the low electricity price in Sweden. The introduction 
of the CHP plant in the district heating production supposes a profit of the production cost 
with compression system due to the high income of the electricity produced that is sold to the 
grid; it profit increases when compression is replaced by absorption system. The fuel used in 
the production of the future system decreases and also the emissions. Then, the future system 
becomes an opportunity from an environmental and economical point of view. At higher 
purchase electricity prices predicted in the open electricity market for an immediately future, 
the future system will become more economically advantageous. 
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Introduccion 

1. INTRODUCCION 
 
Nowadays the electricity price in Sweden is lower than the European electricity level. There 
are two proposals that affect the electricity price in Sweden: increasing the energy efficiency 
and the Climate Change. Concerning these two issues, mechanisms and policy instruments 
have appeared. An Open Electricity Market started in Europe and Sweden entered in 1996. 
An open trade without barriers will oblige to increase competences in the electricity 
production and the European countries will reach a balanced price. Thus, price in Sweden will 
increase until reaching the balance. The Emissions Trading mechanism (2005) helps the 
implementation of the Kyoto Protocol by penalizing the higher CO2 emissions than the level 
permitted. To face up the global warming and promote a sustainable energy balance, the 
nordic countries have high taxes in fuel and electricity. The Electricity Certificate started in 
Sweden in 2003, promotes the production of electricity from renewable energy; the 
production from CHP plants is granted with a high electricity sales income.  
In this context, new cooling technologies are investigated for Astra Zeneca, the production 
plant of study. Compression cooling system is running in the plant, driven by electricity. 
Absorption cooling system is driven by heat. Despite that the efficiency is about 5 times lower 
than the efficiency of compression system, absorption systems become advantageous when 
waste heat is available or the heat source is cheap. In 2007 Söderenergi, the district heating 
company that supplies to Astra Zeneca, started the construction of a bio-fuelled CHP plant 
that is awarded with the electricity certificate system. The opportunity of installing absorption 
machines for the cooling production in Astra and the introduction of the CHP plant for the 
district heating production is analyzed in the study. 

1.1 Objective 

The aim of the study is to analyze the behavior of the system formed by the district heating 
production in Söderenergi and the cooling and heating demand in Astra Zeneca. Two changes 
are introduced: the conversion from compression to absorption for the cooling system, and the 
introduction of a new CHP plant for the district heating production. Four effects are analyzed: 
optimal distribution of the heating production, saving energy, CO2 emissions and total system 
cost.  

1.2 Limitations 

Astra Zeneca and Söderenergi are different companies. Astra Zeneca has a district heating 
contract with Söderenergi. From an economical point of view, the two changes included in the 
system of study affect each company in a different way. The system studied does not consider 
the cost for each company; both the environmental and economical advantages of the new 
investments are considered for a whole system including the two companies.   
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2. LITERATURE  
 
In order to understand the motivation of the changes in the case of study, some issues have 
been considered in this section such as analysis of types of cooling system and cooling system 
in Astra Zeneca, diagnosis of the electricity prices, strict environmental policy in Sweden and 
in the energy company. 

2.1 Astra Zeneca 

Astra Zeneca is a pharmaceutical company that provides and designs medicines. In Södertälje, 
on the south-west of Stockholm, Astra focus its research in the neuroscience area.  
Astra Zeneca sets up in two places, Snäckviken and Gärtuna. Cooling system in Gärtuna has a 
deal of cooling from compression machines; in Snäckviken, most of the cooling is though 
seawater. Hence, cooling system in Gärtuna will be the focus of the study.  
Because of the increasing of production in the plant, more cooling is needed and new 
machines have been installed. Gärtuna has ten cooling centrals supplying cooling for comfort. 
Each central has several machines and provides to their building and in some case also other 
buildings in the plant (see last column of table 1). Centrals B553/654 are connected. The total 
installed compression cooling capacity is about 37 MW.  
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In table 1, all cooling machines within each central are presented together with their working 
characteristics. 

Building Cooling capacity COP Working temperatures Regrigerant Supply

611-55-VKA1 1260 5.08 12-6ºC R134a 631

611-55-VKA2 1260 5.08 12-6ºC R134a

611-55-VKA3 900 3.60 12-6ºC R134a

611-55-VKA4 300 3,60i 12-6ºC R134a

614-55-VKA1 900 4.02 9-2ºC R134a 642, 615

614-55-VKA2 900 4.02 9-2ºC R134a

614-55-VKA3 1300 4.22 9-2ºC R134a

625-55-VKA1 30 4,93i 10-4ºC R134a

625-55-VKA3 180 4,93i 10-4ºC R134a

625-58-VKA5 296 4.93 10-4ºC R134a

653-55-VKA1 1300 4.96 7-2ºC R717    611, 613, 622, 621, 658, 612

653-55-VKA2 1300 4.96 7-2ºC R717

653-55-VKA3 1300 4.96 7-2ºC R717

654-55-VKA3 1668 5.30 7-2ºC R717

654-55-VKA4 1668 5.30 7-2ºC R717

654-55-VKA5 1933 5.45 7-2ºC R717

661-55-VKA1 533 3.33 9-2ºC R717     638, 637, 641, 614, 643, 616, 612, 674, 634, 833

661-55-VKA2 1470 3.27 9-2ºC R717

661-55-VKA3 2320 4.14 9-2ºC R717

661-55-VKA4 2320 4.14 9-2ºC R717

661-55-VKA5 2320 4.14 9-2ºC R717

661-55-VKA6 1019 3.14 9-2ºC R134a

661-55-VKA7 1019 3.14 9-2ºC R134a

681T-55-VKA1 1100 5.50 14-8ºC R134a

681T-55-VKA2 1100 5.50 14-8ºC R134a

681T-55-VKA3 300 3.85 14-8ºC R134a

681M-55-VKA1 1300 4.87 9-2ºC R134a

681M-55-VKA2 1300 4.87 9-2ºC R134a

869-55-VKA1 451.6 2.71 9-2ºC R404a    821, 841

869-55-VKA2 451.6 2.71 9-2ºC R404a

869-55-VKA3 451.6 2.71 9-2ºC R404a

869-55-VKA4 640 2,71i 9-2ºC R404a

691-55-VKA1 318.2 4.47 12‐6ºC R134a  
Table 1: Cooling machines of each building. 1COP values that have been assumed. 

 
Central B681 has two different systems, B681M that is the oldest one, and B681T. 
There are two buildings for cooling towers for centrals B653 and B661. The heating removed 
from the condenser in other centrals are joined to a loop that is connected to building 653. 
Three cooling towers remove the heat of central B653 which has a capacity of 10.2 MW and 
six are used to remove the heat of the loop, with a capacity of 20.25 MW. 
The cooling towers have been designed for an environmental temperature of 25ºC [Nilsson, 
2007]. 
Building B691 has its own cooling system. Building B611 provides its own cooling during 
summer-time; only during winter-time cooling is provided from B653 central. The systems 
connected to centrals have intercoolers to modify the working temperatures. 
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The map of the plant (figure 1) shows where the buildings are situated: 

 
Figure 1: Map of the building in Gärtuna production plant. 

2.1 Söderenergi 

Söderenergi AB is the district heating company that provides to Astra Zeneca. The company 
was founded in 1990 and is situated in Södertälje. It has two branches, Telge AB that 
manages the municipality of Södertälje and Södertörns Energy AB that manages the 
municipalities of Botkyrka and Huddinge. A share of 42% of the total production is used in 
Södertälje. Figure 2 shows the plants in every municipality. 
 

 
Figure 2: Production plants of Söderenergi AB. 
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Four boiler plants cover the production. Igelsta, the biggest one, is situated in Södertälje. It 
was built in 1982 as a consequence of the oil crisis. It has three boilers fuelled by crushed 
waste, peat pressed into smaller bits and a mix of wood chips and peat and has a heat capacity 
around 115 MW. Fittja is situated in Botkyrka; it has three boilers, two of them fuelled by oil 
and the other one fuelled by wood pellets. Both Huddinge and Geneta have two boilers 
running by oil and are used only to cover peak load. 
The average year heat production of the plants is 1.8 TWh of which 67% are used for space 
heating. The power generation fluctuates between the extreme values of 500 and 50 MW. 
Telge Nät AB and Södertörns Fjärrvärme AB distribute and sell the heating to end-users. 
Total district heating network is 400 Km long and the flow rate vary from 900 to 6000 m3/h. 
[Söderenergi AB, 2008]. 
The fuels used in the production are brought from Stockholm and North European countries. 
Peat comes from Estonia and oil from USA, Canada and Finland. 
A strict sustainable energy policy is taken in the company. Iglesta and Fittja, plants originally 
fuelled by coal and oil, were converted into bio-fuels and waste driven. In year 2007 Iglesta 
plant started the construction of a combined heat and power machine of 200 MW of heating 
capacity and 85 MW of electricity capacity. The new investment will start running by 2009, 
and will be fuelled by bio-fuels and waste.  
Following with the same domestic policy of production, only 42% of the production is used in 
Södertälje.  
Söderenergi focus their production in the environmental impact reduction; thus it was 
awarded by the ISO 14001 standard about environmental impact. [Söderenergi AB, 2008]. 

2.3 Refrigeration 

Many years ago, refrigeration was used mainly for ice production. Before Perkins built the 
first compression machine in 1834, cooling was produced by mixing salt and other product 
through chemical reactions. Thanks to new advances in the cooling technology, such as 
absorption cooling machine discovered by Carré and ejector machine by Le Blanc-Cullen-
Leslie, cooling has became of enormous interest in industrial processes such as wood 
production and distribution, pharmaceutical industry and comfort. Different ranges of 
temperatures required justify the use of different technologies.  
 
Cooling technology 

The phenomenon which explains the cold production is the heat transfer between two bodies 
at different temperatures from the hotter to the colder one by conduction, convection and 
radiation. Two main branches can distinguish cooling processes: (1) chemical processes: not 
continuous absorption of heat from the surrounds produced due to the mix of substances; it is 
used only in laboratories; (2) physical processes: reduction of the temperature of a fluid 
though its expansion in valves or expanders. This is the idea of the industrial cooling 
machines [Fernández, 2008 a]. 
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Depending on what is the primary energy used these can be classified according to figure 3: 
 

 
Figure 3: Classification of the cooling processes depending of the primary energy. 

 
In systems based on the change of state of a substance (see figure 3), the liquid becomes 
vapor, and depending on the way of collecting this vapors different effects can takes place 
[Fernández, 2008 a]: 
• Adsorption machine: a solid absorbent captures the vapours. Typical working pairs are 

silica gel/water, sodium sulphide-water. Compared to absorption machines, this is more 
efficient when low heat temperature is added in the generator. 

• Absorption machine: a liquid absorbent absorbs and recovers the vapour. 
• Compression machine: the vapours are compressed in a compressor. 
• Ejection machine: a fluid at high velocity generates a vacuum pressure and the low-

pressure vapours from the evaporator are sucked into the ejector. 
  This machine reach the highest COP values using vapour of water as working fluid for 

temperatures higher than 0ºC. The main common use is in air conditioning for automobile; 
the waste heat from the automobile engine is used in the generator.  

 
Systems based on a gas fluid  adiabatic expansion 

• Air liquefaction (Joule-Thomson effect): The joule-Thomson effect is a process by which 
the temperature of a real gas is modified when it is submitted to an isenthalpic expansion 
through a strangulation process. During the process the gas does not get heat and work 
contribution. 
The gases called permanent are characterized by its critical low temperature, which forces 
to use special processes to reach the liquid state; in addition, because of the temperatures 
that it is necessary to reach, it is not possible to use a cold exterior source to the system. 
Other variant methods from this system are used to gas liquefaction, such as the 
Joule/Kelvin effect and Claude process. 
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The gas liquefaction produces oxygen at large scale and nitrogen from the air. The oxygen 
has many uses, it is necessary as combustible for fireworks and in high ovens.  
The Cryogenic makes possible the transport of natural liquefied gas; the production of 
helium and hydrogen liquids is used for the construction of particles detectors. 
 

Other methods 

• Ettingshausen effect: a thermo-magnetic-electric effect is produced in the extremes of a 
conductor by which an electrical current circulates in presence of a perpendicular magnetic 
field. In the perpendicular direction of the field one extreme absorbs heat and the other 
supplies heat. 

• Peltier effect: a thermo-electric effect is produced when electric current pass through the 
junction of two different metals. One side of the junction becomes hot and the other one 
becomes cold depending on the direction of the current. These systems have small weight 
and size; they are used for a precise control of the temperature, +/- 0.1ºC and localize 
cooling in medical applications, for vein treatments, for cooling/heating thermal pads for 
hypothermia procedures, cooling human skin during laser surgery, in laser eye surgery, by 
absorbing and dissipating heat to remind a constant temperature. They have a high cost and 
low efficiency since have heat losses and use a lot of electricity. 

• Magnetic effect: this is a cooling technology based on the cooling effect of some metals to 
become hot when magnetized and cool when demagnetized [Madison, 1998]; it happens 
close to the Curie temperature. The adiabatic change of temperature of the material limits 
the application of this cooling system. The main applications are gas liquefaction, 
aerospace applications, magnetic resonances in medical applications. Cryogenic 
applications use Carnot cycle for an interval of temperatures of 20 K. 

• Thermo-acoustic effect: this effect uses a heat pump to convert the sound energy to heat 
energy and heat energy to sound.   

2.4 Compression and absorption systems 

In this section the main components of cooling machines and the difference between 
absorption processes and compression processes are explained.  
 
2.4.1 Compressor cooling system 

In the most common type of this technology, a vapour compression heat pump is used in the 
plant. It is used for residential and commercial cooling, air conditioning in automobiles and 
food refrigeration. 
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The main parts of the system (figure 4) are condenser, evaporator, compressor and expansion 
valve. 

 
Figure 4:  Simple compression cycle. Source: Modified from Ruiz, 2007. 

 
The Evaporator is the heat exchanger where the refrigerant evaporates by cooling the space. 
If the machine cools air directly the evaporator is an air coil. If it cools liquid, the evaporator 
is a shell and tube heat exchanger named “chiller”. 
In the Compressor, the pressure of the refrigerant vapour from the evaporator is increased to 
rise its temperature. The cooling capacity can be regulated by varying the output temperature 
of the compressor. 
In the Condenser, the high-pressure refrigerant gas from the compressor is cooled until liquid 
state. The cooling medium can be air or water. 
In the expansion valve the temperature of the refrigerant is reduced in order to absorb heat 
from the cooled space. 
The Accumulator is a reservoir of liquid refrigerant only used when having a large evaporator, 
condenser and pipe volume. 
For an effective heat transfer between the refrigerant and the air, the temperature of the 
refrigerant has to be lower in the evaporator and higher in the condenser than the cooled space 
and the environmental temperatures respectively [Wulfinghoff, 1999]. 
Usually in larger systems, heat from the condenser is rejected by water in a cooling tower. 
Systems with limitation of water, the heat are rejected directly to the air. 
 
2.4.1.2 Energy balance 

Heat recovered from the space (cooling capacity):     

Wpump = h2-h1 (KJ/Kg) 

 QL = h6-h5 (KJ/Kg)  
 
Compressor work:   
 
Heat exhaust to the environment:   QH = h3-h4 (KJ/Kg) 
 

COP = (h6-h5)/(h2-h1) Coefficient of performance:  
 
Comparison of the real and ideal cycles: 

The real cycle has losses that are caused by mechanical inefficiencies in the compressor, 
energy waste in the expansion of refrigerant through the valve, and heat transfer losses in the 
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system and pressure drops in the pipes [Wulfinghoff, 1999]. In figure 5 real and ideal cycles 
are compared in a pressure-enthalpy (P-h) diagram. 
 

 
Figure 5:  Comparison of real and ideal compression cycles. Source: Modified from Ruiz, 2007. 

 
2.4.1.3 Effect of working temperatures on COP 

Despite that the lowest and highest temperatures in the system happen at the compressor inlet 
and discharge respectively (see figure 5), the compressor does not decide these temperatures. 
They are decided since the conditions of the cooled area and the area in contact with the 
condenser, which impose the working temperatures in the evaporator and condenser. The 
temperature of a gas is proportional to its pressure. It explains that the amount of power 
needed by the compressor depends on the pressure difference between the compressor inlet 
(evaporator) and outlet (condenser) [Wulfinghoff, 1999]. 
In the following section the effect on the performance value is analysed by four variations in 
the working temperatures.  
 
Evaporator effect 

If the temperature in the evaporator increases from P’b until Pb, the compression relation 
decreases, Ahevap increases by increasing the cooling capacity, Ahabs decreases by decreasing 
the compressor consumption, the volumetric efficiency increases and a high proportion of  
liquid/vapour input in the evaporator occurs; therefore the COP increases.  
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This process is represented in the P-h diagram in figure 6. 
 

 
 

Figure 6: Evaporator effect. Source: Ruiz, 2007. 
 
Condenser effect 

Decreasing the condenser temperature by decreasing the pressure from P’a until Pa (figure 7), 
the cooling effect increases and compressor consumption decreases; therefore the COP 
increases.  

 
Figure 7: Condenser effect. Source: Ruiz, 2007. 

 
These two effects are summarized in the graph of figure 8: 

 
Figure 8: Cooling capacities for different condenser and evaporator temperatures. 

Source: Modified from Ruiz, 2007. 
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Overheating effect 

The presence of drops of liquid can damage the compressor, so overheating in the evaporator 
temperature is necessary. There is a target temperature above which Ahabs increases and more 
work in the compressor is used, figure 9.  
Above the target temperature increasing the effect further decreases the COP.  
 

 
Figure 9: Effective overheating avoid that the COP decreases. 

Source: Modified from Ruiz, 2007. 
 

Subcooling effect 

If the condenser process continues cooling below the temperature of saturated liquid, the 
fraction of liquid after the valve will be low, thus the cooling capacity increases, by increasing 
the COP, figure 10. 
 

 
Figure 10: Subcooling effect. Source: Modified from Ruiz, 2007. 

 

2.4.1.4 The compressor and system efficiency 

The compression process has an important influence for system efficiency, since the energy 
used in the system is in this process. 
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Selection of refrigerant 

According to the introduction of section 2.4.1.3 the temperature and the pressure in the 
condenser and evaporator depend on cold and warm areas where they exchange heat. In a 
particular application, the working temperatures and the required thermodynamic conditions 
of the refrigerant at different levels of the cycle explained in point 2.4.1.3, justify the selection 
of the refrigerant. 
The high pressure required in the evaporator and the low pressure in the condenser makes it 
important to consider the chemical properties of the refrigerant, such toxicity, stability, 
corrosion and also the cost. 
 
Selection of the type of compressor 

The selection of the compressor has to be done based on the chosen refrigerant. 
The choice of refrigerant limits the potential system efficiency; centrifugal compressors work 
well at low pressures and high specific volumes. Reciprocating compressors works better at 
high pressures and small specifics volumes [Wulfinghoff, 1999]. 
The turbulence of the flow forces the kinetic energy to convert into heat, which increases the 
losses, thus the flow has to be controlled. Leakages are the main problem of the compressor 
and depend on the type of compressor. 
Figure 11 shows how the COP value is influenced by the refrigerant and the type of 
compressor. The first curve refers to an ideal machine and refrigerant. In the second one the 
refrigerant is Freon-22. The curves shown above refer to different types of compressors. 
 

 
Figure 11: COP values. Source: Wulfinghoff, 1999. 
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2.4.1.5 Primary energy: compressor driver 

All the energy required for the compression system is supplied to the compressor driver. 
Although most systems use electric motors, there are also systems driven by reciprocating 
engines (natural gas, diesel or steam), gas turbines, steam turbines or other machines and 
depending on the position respect the compressor house, they can be hermetic (the 
compressor driver and the compressor are compacted in the same house) or open (the 
compressor driver is not situated into the compressor house). 
 
2.4.2 Absorption cooling system 

There are two main differences between compression and absorption cooling systems: 
For the compression process in absorption system, the compressor is replaced by an absorber, 
a pump, a valve and a generator. The vapour refrigerant that comes from the evaporator is 
absorbed by a secondary fluid, the absorbent, by producing a liquid solution whose specific 
volume is lower than the specific volume of the vapour refrigerant. Hence, the consumption 
of electrical power in the pump is lower than the power needed in the corresponding 
compressor. 
In an absorption system it is necessary to introduce external heat at high temperature in the 
generator to recover steam refrigerant from the liquid solution before going into the 
condenser. 
Once we know these differences, it is interesting to analyse the absorption technology, also 
known as “thermal compressor”, starting from the compression technology.  
The sequence followed by the refrigerant through the condenser, valve and evaporator is the 
same as in the compression cycle. 
In the absorber, the absorption process is exothermic. The dissolution capacity of both the 
refrigerant and the absorbent increases when the temperature of the solution decreases, so in 
the absorber certain quantity of heat (Q1**), needs to be eliminated. The amount of Q1** that 
has to be eliminated is the sum of the latent heat of condensation of the refrigerant vapour and 
the heat of the absorption solution. The temperature in the absorber is ~35-40ºC. 
The solution, that has become rich of refrigerant, is compressed into the pump, increasing its 
pressure until reaching the generator pressure. 
The resistance of the solution increases during the absorption process (pressure and 
temperature increase). The vapour pressure in the solution determines the pressure in the 
evaporator. By changing the concentration of absorbent, the thermodynamic parameters in the 
evaporator are controlled. Thus, in order to maintain low pressure and temperature in the 
evaporator, it is necessary to eliminate the “strong” absorption by passing through the 
generator. 
In the generator, thanks to the heat added, and due to different miscibility between the 
refrigerant and the absorbent, the refrigerant turns into steam, and the absorbent increases its 
temperature in liquid state. The liquid absorbent go back through the valve to the absorber 
[Fernández, 2008 b]. 
The temperature of the source T3 depends on the source and varies between 60-130ºC. 
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Figure 12 shows the cycle: 
 

 
Figure 12: Single-effect absorption system. Source: Modified from Fernández 2008 b. 

 
2.4.2.1 Energy balance 

The relation of temperatures:  T3>T1>T2 

 

 
Q2+Q3= Q1*+Q1** 

 

 
COP = Q2/(Q3+Wpump) 

The efficiency increases when Tª generator increases. 
The efficiency decreases when Tª condenser/absorber increases. 
 
Considerations in dimensioning an absorption cycle 

The working conditions in an absorption cycle vary by reaching a thermodynamic balance, 
which changes with the environmental conditions. Hence, absorption cycles are more difficult 
to dimension than compression cycles. The efficiency depends on the quantity and quality of 
energy supplied in the generator. For this reason it is very important to maintain the 
thermodynamic equilibrium: 
 
 Q2+Q3=Q1*+Q1** 

In order to reduce the quantity of heat necessary in the generator, a heat exchanger is added 
between the absorber and the generator, to preheat the rich solution before the generator.  
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In some cases, also a rectifier is necessary between the generator and the condenser in order to 
eliminate the absorber (water) of the refrigerant, avoiding any ice going into the expansion 
valve and the evaporator. Figure 13 shows the modified system. 
 

 
Figure 13: Single-effect with rectifier and heat exchanger. Source: Modified from Fernández 2008 b. 

 

2.4.2.2 Other types of systems 

The previously described systems are single-effect systems. Some variants of the basic cycle 
allow the use of different heat sources to obtain different efficiencies and thermodynamic 
characteristics. 
 
Double-effect 

The double-effect operation refers to a process by which a secondary generator is driven by 
the latent heat of the original refrigerant in the condenser. A new condenser and generator at 
high pressure are added, thus, there are three pressure levels in the cycle, as it is shown in 
figure 14. The heat is added in the high pressure generator and extracted to the air in the low 
pressure condenser. The secondary generation of the refrigeration increases the efficiency 
over that conventional single-effect one. 
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The power used in cooling towers is ~40% [APEP, 2009] lower than power used in single-
effect systems. 

 
Figure 14. Double-effect diagram. Source: New Building Institute, 1998. 

 
Operating characteristics of the cycles explained above are shown in table 2: 

SINGLE‐EFFECT DOUBLE‐EFFECT
Nominal capacities 180‐5800 KW 350‐6000 KW
COP 0,6‐0,7 0,9‐1,2
Cooling water temperature in 25‐35ºC 25‐35ºC
Chilled water temperature 0ff 6‐7ºC 6‐7ºC
Hot fluid imput temperature 80‐90 (up to 130ºC) 150‐170ºC
Mass 5‐50 Mg 7‐60 Mg
Characteristics Competitive cost       Higher cost due to: 

 ‐Better materials to support higer Tª, P
       ‐Larger heat exchanger areas

Aplications Decentralized system Centralized system  
Table 2: Comparison of characteristics for a water/LiBr machine. Source: Modified from Idczak, 2007. 

 

Triple-effect 

The latent heat from the vapour refrigerant at high and middle temperature condensers is used 
to heat the lower temperature generator. More heat is absorbed in the evaporator by the flows 
coming from the three condensers. The COP of this system rises until 1.4/1.6 [New Building 
Institute, 1998]. This system (see figure 15) is not yet commercially available. 
 

 
Figure 15: Triple-effect diagram. Source: Modified from New Building Institute, 1998. 
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Hybrid system 

An effective time dependent energy management can be obtained by combining the use of 
compression and absorption machines depending on the price of gas and electricity and the 
cooling demand. The absorption and compression systems are then installed in parallel. In a 
large system, a hybrid system uses compression chillers for peak load and absorption chillers 
for base. This system is advantageous in regions where the electricity supply is not 
guaranteed, the price of energy is high and fluctuant, the price of fossil fuels is competitive or 
a heat source is available. With low natural gas prices, direct combustion for the heat 
production can increase the COP to 1.5. 
 
2.4.2.3 Working fluid 

The performance parameters of an absorption system are influenced by the properties of the 
working fluid. Both investment and operating costs also depend on the type of working fluid. 
Desirable properties of a working fluid are: 

- High affinity absorbent/refrigerant. 
- Low volatility of the absorbent (it has to be eliminated before the condensation). 
- High latent heat of the refrigerant minimizes the flow rate. 

The most common mixtures (refrigerant/absorbent) are: 
Ammonia/water: Due to the high volatility of the water, it is necessary to place a rectifier. 
Ammonia/water requires a higher pressure and larger temperature difference. Usually the 
driving temperature is 140ºC. For this reason, the manufacture of these plants is more 
expensive than plants using LiBr. 
Ammonia/water systems are more common for small tonnages and for lower temperature 
applications (-60ºC), and are usually air cooled. 
Water/lithium bromide (LiBr/H2O): Lithium-bromide is non-volatile. Water does not 
crystallize in the temperature range of application. The use of water as a refrigerant is 
restricted by the freezing point which restricts the use of it to temperatures above 0ºC. It is 
used for cooled water in the range 5/10ºC [UC, 2007]. 
 
2.4.2.4 Primary energy 

In absorption machines there are two parts that need energy supply: electricity for pumping 
the solution and heat in the generator. The electricity required in the pump represents 1-2% of 
the total cooling effect. Cooling of the absorber and condenser is done by a cooling tower 
which consumes a bit of electricity.  
Depending on where the heat added in the generator is produced, the absorption technology 
can be classified as a direct-fired system: gas or other fuel is combusted in the system; this 
system is used in residential applications to produce chilled water at 6ºC, and equipped with 
an auxiliary heat exchanger that in addition can supply hot water or an indirect-fired system: 
steam or water at high temperature come from a separate source such as CHP plant, a 
geothermal source , solar heat or waste heat. 
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2.4.3 Comparison of cost and maintenance 

The investment cost of an absorption machine is higher than for a compressor machine. 
Lower working pressures required in an absorption cycle implies a higher diameter of the 
tubes in order to reduce the losses. The size of the absorption equipment is larger and 
increases when the temperature in the generator is low. 
In a compression system the most important point is to control the compressor process. In an 
absorption system, the equilibrium is obtained by thermodynamic effects which depend on 
external conditions; absorption machines have less moving parts. 
The economical advantage of an absorption system depends on the heat supply. When waste 
heat, geothermal heat, solar heat or renewable energy at low prices is available, absorption 
cooling can provide a very energy efficient and economically profitable solution.  
Absorption systems integrated with district heating, which is produced in CHP plants, have 
many advantages and the more efficient use of fuel covers the higher investment cost of the 
system. 

2.5 CHP technology 

Combined heat and power is the “simultaneous generation of two useful energies (heat and 
electricity) from the same process using one single primary energy source” [COGEN3, 2003]. 
The heat, which is a by-product produced during the power generation, is recovered in a 
boiler and can be used to raise steam for industrial processes, to provide hot water, for space 
heating or used in an absorption cooling cycle to produce cooling. 
Electricity, heat and overall efficiency and power-to-heat ratio are the parameters by which 
the performance of the system can be analysed, and they depend on the cogeneration 
technology. The quantities and qualities of heat vary with the technology and are defined by 
the efficiency parameters. Steam supply (5 to 20 bar saturated) has an efficiency of 60-70%, 
and hot water temperatures 50/90ºC an efficiency over 90% [COGEN3, 2003].  
 In contrast, the efficiency of power generation in conventional coal-fired or gas-fired plants is 
~38-48% respectively.  
The technology available can be classified attending three points: 

1. Sequence in heat and electricity generation:  
• Bottoming cycle: heat is produced first 
• Topping cycle: electricity is produced first 

2. Power generation:  
• Micro CHP: <50 KWe 
• Mini CHP: 5-500 KWe 
• Small scale: 500KWe-5 MWe 
• Medium scale: 5-50MWe 
• Large scale: >50 MWe 
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3. Depending on the type of machine, are summarized in the following table: 

Thecnology Fuel Size  Electrical efficiency Overall efficiency

MWe % %

Steam turbine Any 0.5‐500 7‐20 60‐80

Gas turbine Gaseous and liquid  0.25‐300+ 25‐42 65‐87

Combine cycle Gaseous and liquid  3‐300+ 35‐55 73‐90

Diesel/Otto engines Gaseous and liquid  0.003‐20 25‐45 65‐92

Micro turbines Gaseous and liquid  ‐ 15‐30 60‐85

Fuel cells Gaseous and liquid  0.003‐3+ App. 37‐50 App. 85‐90

Stirling engines Gaseous and liquid  0.003‐1.5 App. 40 65‐85  
Table 3: Types of technology available. Source: Modified from UNEP, 2008. 

 
2.5.1 Environmental and economic advantages  

• Decentralised power generation: can be installed on-site supplying end-users locally, 
avoiding ~ 5-10% [COGEN3, 2003] losses during transmission and distribution and 
increasing the power supply security. 

• Energetic independency: costumers can install a CHP plant (become cogeneration 
operators) and produce their electricity and sell the excess to the grid at a competitive 
price. 

• Cost saving: the high efficiency reduces the use of primary energy in 26.4%1 and reduces 
the energy losses.  
 

 
     Figure 16: Comparison of amount of fuel used. 1See production characteristics in appendix A. 

 

• Use of other fuels: CHP allows the use of low quality fuels such as biomass, bio-fuel, 
waste, garbage, wood chips. 

• Meeting cooling demands: district heating demand decreases in summer time because heat 
is only used for hot water (figure 17). Since CHP plants are dimensioned by the heating 
demand, electricity production decreases during warm periods. The cooling demand peaks 
in the summer time. Hence, electricity can reach a more uniform production during the 
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year if the excess of heat during the summer is used in absorption machines to produce 
cooling. The integrated system is shown in figure 18. 

 

 
Figure 17:  Heating production in a plant in Sweden.  Source: Zinko, 2008. 

 
 
 
Depending on where the absorption machines are placed the production is classified as 
follows: 
 

o Centralized cooling production: absorption machines are connected to the CHP plants 
and heat, electricity and cold are produced in the plant. Cooling is distributed through a 
pipe system to end-users (district cooling). This process is named “Trigeneration”. Due 
to the high investment cost of piping it is not commonly used. 

o Decentralized cooling production: district heating produced in a CHP plant is 
distributed to end-users, and then heat is used for cooling proposals though absorption 
machines [Idczak, 2007]. 
 

 
Figure 18: Integrated CHP and absorption system. 

 

• Lower emissions: two reasons imply the reduction of CO2 emissions; the production of 
electricity in CHP plants will replace electricity from coal power plants, and the use of 
primary energy will be reduced since the same amount of fuel can produce both heat and 
electricity. 
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 The results of a comparative analysis of the emissions for the production of electricity and 
heating used to supply 10 MW of cooling for a separated and simultaneous production are 
shown in figures 19-20. Characteristics and calculation of the fictitious systems are 
described in more detail in appendix A. 

 

 
Figure 19: Total emissions in the separated production. Two production system has been analysed oil/coal and oil/gas as a 

fuel for heat and electricity production respectively. 
 

 
Figure 20: Emissions for different types of fuel. 

 
• Political efforts promote the generation: CHP production covers 10% of the electricity and 

the same amount of heat in 25 EU countries. In year 2006 a new law from the European 
Directive on Cogeneration obliged the governments to enhance the cogeneration 
production to at least 1 MWe. Several countries have adopted policy instruments such as 
energy taxes, investment subsides, electricity certificates (see section 2.5.3, Electricity 
certificate system in Sweden) [COGEN, 2008]. 

• Help the liberalization of the Electricity Market: encourage a competitive production. 
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Costs for small scale plants 

The total cost has two parts: the initial cost and the maintenance cost. The initial cost includes 
the cost of the cogeneration unit, the cost for installation, the cost of the connection to the 
grid, fuel costs, the cost of the heating system, construction and engineering. 
Figure 21 shows the proportion of initial costs depending on the size of the plant. 

 

 
Figure 21: Proportion of initial costs. Source: COGEN, 2008. 

 
Maintenance of the plant can be covered by the suppliers through Full-Service contracts 
whose price depends on the size of the plant [COGEN, 2008]. 
 

 
 

 Full-Service = 5.73*Pel – 0.26 [C€/KWhe] 

Cost for medium and large scale plants 

The cost of plants with high capacity varies depending on the size and also the type of fuel 
used. The total cost has two parts: (1) the initial cost, and (2) the operation and maintenance 
cost. 
The initial cost includes the same parts as the cost of small large plants. Many plants using 
bio-fuels have flue gas heat recovery which reduces the use of fuel of by 3%. The cost of the 
connection to the grid is about 500 SEK/KW.  
The operation and maintenance cost has two parts: (1) the fixed part that is calculated as a 
percentage of the initial cost and includes the staff costs, insurances and repair and the 
maintenance cost; (2) the variable part (SEK/MWhfuel) that includes the cost of chemical 
products and additives used to the gas treatment, the cost of electricity and water used in the 
process, the cost of waste management and taxes [Elforsk, 2007]. 
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Table 4 describes the costs of different technologies using different fuels. 
 

FUEL Technology Electrical Overall Size Initial cost O&M Variable cost
Efficiency Efficiency MWe SEK/KWe (%) SEK/MWhfuel

27 110 10 37000 1.5 25
Bio‐fuel Steam CHP 30 110 30 28000 1.5 25

34 110 80 21500 1.5 25
Waste Steam CHP 15 89 3 110500 3 95

22 91 30 55500 3 95
Natural gas Combined cycle 46 89 40 9100 3 10

CHP 49 90 150 7300 2.5 9  
Table 4: Cost for different fuels and technologies. Source: Modified from Elforsk, 2007. 

 
The initial cost of plants using lower quality fuels is higher than plants using high quality 
fuels. Despite plants using bio-fuels and waste having lower electrical efficiencies, they reach 
overall efficiencies higher than natural gas plants. Within the same type of fuel and 
technology, the initial cost decreases by increasing the electricity capacity. 
The economical life of the plant depends on the technical management of the plant, the 
development of the technology in the market, the competition, the cost of fuels, taxes and 
policy instruments that affect the management of the plants. Even though the current 
economical life of plants can reach 20 years, it is interesting to consider shorter life times to 
reduce the risk of the financial projects [Elforsk, 2007]. 
 
2.5.2 District heating and CHP plants in Sweden 

District heating (DH) is a system by which water heated in a plant is distributed to costumers 
through insulated pipes for hot tap water, heating and other low temperature purposes. 48% of 
the heating production originated from DH, and in year 2006, 34% of the DH demand was 
produced in CHP plants [Energy indicators, SEA, 2008]. 
The DH network available in Sweden allows an increase of the generation from CHP plants 
up to 7 to 20 TWh. 
Only 6% of the electricity in Sweden is produced in CHP plants. This percentage is lower 
than Finland and other EU countries and is explained by the presence of nuclear power in 
Sweden, low electricity prices and a tax policy not favoring CHP [Svensk Fjärrvärme, 2008]. 
The CO2 emissions of DH production in CHP plants in Sweden in year 2001 were the lowest 
in EU, see figure 22. 

 
Figure 22: CO2 emission from DH and CHP in Europe. Source: Granstrand, 2007. 
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In 1990, the use of bio-fuels was promoted by new investments and nowadays, together with 
natural gas, they are the most common fuels used in co-generation. 
Natural gas plants have high conversion efficiency and lower carbon dioxide, sulfur and 
nitrogen emissions than other fossil fuels. A deregulated Gas Market started 1st of July 2007 
in Sweden and other EU countries. This context will help the use of natural gas in CHP plants 
[Amiri, 2008]. In fact, natural gas CHP plants are in construction, but the price of natural gas 
has increased in 2007 [Energy indicators, SEA, 2008]. 
The Swedish Parliament, Rikstag, decided that Sweden “must be self-sufficient in terms of 
electricity” [Svensk Fjärrvärme, 2008]. In a context where the nuclear power and the fossil 
fuels have to be reduced, CHP plants production become an opportunity to meet this target.  
Environmental issues like the electricity certificate system, Emissions Trading and an 
advantageous energy tax for co-generation production since January 2004, which are 
explained in the following section, justify the potential of the increased use of CHP plants for 
district heating production. Figure 23 shows the development of the amount of fuel used in 
cogeneration for district heating. 

 
Figure 23: CHP plants contribution for district heating. Source: Energy indicators, SEA, 2008. 

 

2.6 Energy market and policy instruments 
 
Energy Policy in Sweden 

“The objective of the Swedish energy policy is to secure the availability of electricity and 
other energy in the short and long term on globally competitive terms. The energy policy shall 
create the conditions for efficient and sustainable energy use and a cost-effective Swedish 
energy supply with a low negative impact on health, the environment and the climate, and to 
facilitate the conversion to an ecologically sustainable society. Good economic and social 
development in the whole of Sweden will thereby be promoted.” [Energy indicators, SEA, 
2008]. 
Some of the proposals are to improve the level of efficiency, decrease the dependence of 
totally fossil fuels in the energy supply by 2020, to reach 5.75% bio-fuel used for transport by 
2010 and to increase the use of renewable energy [Energy indicators, SEA, 2008]. 
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2.6.1 Electricity price affected by a deregulated market 

Increasing efficiency and climate change are two proposals that affect the electricity price. 
Liberalisation of the electricity market (1996) will increase the Swedish electricity price until 
it makes equal with the European level. 
The 1970:s was a significant decade for the Swedish energy sector. The oil crisis and the 
expansion of nuclear power increased the electricity demand; many heating systems fuelled 
by oil were converted into electricity driven. Figure 24 reflects the annual change in 
electricity and oil consumption. 

 
Figure 24: Electricity and oil consumption evolution. Souce: Karlsson, 2000. 

 
In Sweden and Norway, unlike most other European countries, electricity is often used to heat 
single houses, and in some cases it is used in district heating systems. District heating systems 
are usually fuelled by bio-fuel, waste or fossil fuels. 
In 2007 the electricity production in Sweden was based on nuclear (44.3%) and hydropower 
energy (45%) [Nordpool, 2008], and only 6 % was generated in CHP plants with bio-fuel as 
the main fuel. This particular production implies a low operating cost, low CO2 emissions and 
consequently a low electricity price. Sweden has the second-lowest level of CO2 emissions 
per capita [IEA, 2008]. 
The low price in Sweden is partially explained by the participation in the Nordic Market, a 
deregulated electricity market including Sweden, Norway, Finland and Denmark. The hourly 
electricity prices in this market represent the hourly marginal costs of the marginal generation 
plant. The Norwegian generation is based on hydroelectric power with very low operating 
costs [Karlsson, 2000]. In the European Union the electricity production is based mainly on 
fossil fuels, hence getting a higher production and marginal cost for electricity. The elasticity 
between consumption and price explains why the Swedish electricity use per capita is one of 
the highest in the world.  
New rules for the internal market of electricity in EU have been promoted by the European 
Commission. The aim is to obtain production, distribution and prices determined by 
competitive mechanisms. An open international trade without barriers implies that customers 
and distributors can select their producers and thereby the lower production cost. 
The huge difference in price levels between countries will oblige to increase competences in 
the electricity production until reaching a balanced price [Karlsson, 2000]. 
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Exported electricity from Sweden to the EU and a phase-out of the nuclear plants (1980) will 
be incentives for the Swedish price to increase to a European level. 
 
2.6.2 CO2 and energy prices 

The IPCC (International Panel on Climate Change) considers the climate problem the greatest 
environmental issue of today. Since CO2 emissions are the main cause of the greenhouse 
effect, in order to control this, several policy instruments have appeared. 
Experts calculate that the absolute maximum rise of the average temperature is 2ºC, which 
implies a maximum concentration of 400 ppm of CO2 in the air. Today the concentration of 
CO2 in the air is 360 ppm [Gustafsson, 2008] and people emit 2 ton/capita. In order to avoid 
the target level, people have to reduce the emissions to 0.4 ton/capita [Azar, 2002]. 
 
2.6.3 Policy instruments 

The Kyoto Protocol, which was negotiated in Kyoto on December 1997, and came into force 
in 2005 aims to reduce global CO2 emissions and states that: 
"It is a legally binding agreement under which industrialized countries will reduce their 
collective emissions of greenhouse gases by 5.2% compared to the year 1990 (but note that, 
compared to the emissions levels that would be expected by 2010 without the Protocol, this 
target represents a 29% cut). The goal is to lower overall emissions from six greenhouse gases 
- carbon dioxide, methane, nitrous oxide, sulfur hexafluoride, HFCs, and PFCs - calculated as 
an average over the five-year period of 2008-12. National targets range from 8% reductions 
for the European Union and some others to 7% for the US, 6% for Japan, 0% for Russia, and 
permitted increases of 8% for Australia and 10% for Iceland." [United Nations Environment 
Programme]. 
Last year, the UNFCC during the meeting in Bali agreed on a new plan against climate 
change, RoadMap; the idea will be considered in the next climate meeting on 2009 in 
Copenhagen. 
The new target for 2020 in the EU was proposed by the European Commission (EC) in 
January 2007 in the Climate Action and Renewable Energy Package and includes: (1) 
reduction of greenhouse gases by 20% compared to 1990; (2) increase the use of renewable 
energy to 20% (8.5% is the current level); (3) increase the efficiency by 20%. 
On 23 January 2008, other proposals for Sweden were included in “The Green Package” 
presented by EC: the use of renewable energy has to rise to 49% by 2020 (current level 
39.8%), and they have to reduce the CO2 emissions by 17% compared to the 2005 level from 
the non-ETS sector (transport, agriculture, residential, commercial and waste, not included in 
the Emission Market). In addition the directive has suggested replacing 10% of the energy 
used in the transport sector by renewable energy, in each EU country [Energy indicators, 
SEA, 2008]. 
 
Emissions Trading ( EU ETS 2005) 

This mechanism aims to motivate the implementation of the Protocol, and allows countries 
that emit below their permitted level to sell this excess of carbon emissions to countries that 
exceed their targets. Each Government has a cap (limit of emissions) that is divided in 
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allowances for the companies with emissions. The members have to plan the allowances that 
will be needed for each period. The ETS was implemented in 2005, with 11500 plants in EU-
25, including combustion plants, oil refineries, coke ovens, iron and steel plants, and factories 
making cement, glass, lime, brick, ceramics, pulp and paper [IEA, 2007]. During the first 
period, 2005-2007 the prices for allowances has fluctuated and was in 2008 about 25 €/tonne. 
 
Electricity certificate system  in Sweden 

There are five support systems in the EU to encourage renewable electricity production: feed 
in tariffs, electricity certificate system, tenders, tax incentives and quota systems. The 
electricity certificate system is one of the most efficient [SEA, 2008]. 
Sweden introduced the electricity certificate system in May 2003 to promote the expansion of 
electricity production from renewable energy and peat from the following sources: wind 
power, solar energy, wave energy, geothermal energy, peat used in CHP plants, bio-fuels, and 
small and new hydropower plants. 
The target proposed in the Parliament decision on 14th June 2006 was to increase the annual 
production of electricity from renewable energy in 2016 by 17 TWh, relative to the 
production in 2002.  
The rules of the system in Sweden differ from other countries. In Sweden electricity 
producers are required to produce part of their electricity from renewable sources [SEA, 
2008]. 
Electricity producers receive one electricity certificate unit for each MWh produced from 
Swedish Energy Agency (SEA). Electricity suppliers, which are companies that purchase 
electricity to the producers and distribute it to end-users, are obligated to buy certificates at 
the producers in proportion (quota obligation) to the sale or use. 
Every year, suppliers detail before 1st March to SEA the amount of electricity that they have 
for sale and they also have to return the certificates that have purchased to the producers. 
Svenska Kraftnät, the authority together with SEA of the electricity certificate system, cancels 
on 1st April the certificates corresponding to the quota obligation, in order to control the 
certificate trade. In this market, the producers receive additional revenue from the certificates 
and this, together with the increased demand for certificates, encourages the use of renewable 
energy [SEA, 2008]. The electricity generation supported by the Electricity Certificates had 
increased by 6.8 TWh in 2007 compared to 2002 [Energy indicators, SEA, 2008]. 
 
Electricity Certificates and CHP plants in Sweden 

Four reasons explain why the electricity certificate system favours the electricity production 
from CHP plants in Sweden:  

1. The advantageous position of Sweden for production of bio-fuel: big forest and land 
areas. 

2. Environmentally friendly and efficient use of bio-fuel. 
3. The more constant production of electricity in CHP plants with regard to other 

renewable sources such as solar or wind power. About 50% of the green electricity 
expansion by 2008-2012 is expected to be generated in CHP plants (figure 25). 
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4. To promote the use of peat in CHP plans by replacing the use of coal, since peat 
generates lower emissions than coal. 

 
Figure 25: Expansion of green electricity. Source: SEA, 2008. 

 
On 1st of April 2004 peat used in CHP plants was introduced in the electricity certificate 
system. In 2007, 580 GWh were produced with peat in 16 plants. 
The electricity certificate system classifies the plants using bio-fuel in: (1) CHP, (2) industrial 
back pressure, which use the heat produced for industrial processes, and (3) biogas. Monthly 
SEA has to receive information of the amount of electricity produced and the proportion of 
fuels used. Certificates are given to the plant depending on how much electricity is produced 
by bio-fuels and peat [SEA, 2008]. Figure 26 shows the new plants that have been introduced 
in the electricity certificate system since 2003 and how much electricity they produce. 
 

 
Figure 26: Source: SEA, 2008. 
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The proportion of different bio-fuels used in the green electricity production in 2007 is 
presented in figure 27: 
 

 
Figure 27: Bio-fuels for Electricity Certificate. Source: SEA, 2008. 

 
 
Igelsta CHP plant in Södertälje 

This new plant will start running in 2009 and will be included in the electricity certificate 
system. It is expected to produce 500 GWh of electricity and 1250 GWh of DH by combining 
the use of different types of bio-fuels and waste. 
 
Taxes in Sweden 

In order to face up to global warming and promote a sustainable energy balance many OECD 
countries have introduced taxes on fuel and electricity prices. The nordic countries energy 
taxes are higher than in the rest of Europe. 
 
Electricity tax 

Electricity generation is subject to taxes which vary depending on the production technology, 
nuclear power, hydropower, wind power, CHP, waste incineration. For the period 2007-2011 
the taxes on electricity generation increased by 0.5% compared to 2006 [Swedenergy, 2008]. 
The increase of electricity tax since 1951 is shown in figure 28. 
 

 
Figure 28. Source: Swedenergy 2008. 
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Fossil fuel tax 

The fuel prices are subject to energy tax, carbon dioxide tax, sulphur tax and nitrogen oxide 
tax that depend on the carbon, sulphur and nitrogen content of the fuel. Different rates are 
applied depending on the technology and end-use. 
Sulphur tax is 30 SEK/kg of sulphur in the fuel (fossil fuels and peat). For liquid fuels, if in 
each 1% of the fuel the content of sulphur is equal or higher than 0.05%, the sulphur tax is 27 
SEK/m3 and is applied to one tenth of every 1% exceeding the limit. Content values between 
0.05 and 0.2 are approximated by 0.2%. 
Nitrogen oxide tax is 50 SEK/kg of NO2 and is applied to boilers and gas turbines producing 
more than 35 GWh/year [Swedenergy, 2008]. 
Carbon dioxide tax for fossil fuels has increased by 1.85% in 2008. Carbon dioxide and 
energy taxes for fossil fuels are presented in table 5. 
 

Energy tax (SEK/Kwhfuel) Carbon dioxide tax (SEK/Kwhfuel)

Light fuel oil 0.076 0.290

Heavy fuel oil 0.070 0.270

Coal 0.043 0.335

Natural Gas 0.022 0.200
 

Table 5: Data from Swedenergy 2008. 
 
CHP taxes and rates 

For heat production the fuel used is relieved from energy tax, and is relieved from 79% of the 
CO2 tax and 100% of the SO2 tax (these reductions can be applied if the electricity efficiency 
of the plant is at least 15%) [Elforsk, 2007]. Biomass and peat are relieved taxes. Since 
January 2008 the CO2 tax is 1.01 SEK/kgCO2. 
Regarding to electricity production, 1.5% of the fossil fuel is taxed, because it percentage is 
considered as internal consumption of the plant. 
Two reductions are proposed by the Government for the ETS industrial plants which have to 
be accepted by EC: (1) reduce the CO2 tax until 85%; (2) reduce the tax rate by 8% compared 
to 2008 by 2010. [Swedenergy, 2008]. 
 
2.6.4 Interaction between CO2 and electricity prices 

In a competitive market the electricity price cannot be analysed without considering CO2 
prices. It is interesting to analyse the dynamic under the influence of policy instruments, one 
of the most important being the Emissions Trading system. 
Low prices increase the consumption and the CO2 emissions; higher CO2 emissions imply that 
industries need more allowances. The cost of emission allowances for the electricity 
generation is reflected by the CO2 cost, which is included in electricity price. 
Fossil fuel prices also affect the electricity price. A higher price of natural gas implies an 
increased amount of coal used as base-production, thus causing more CO2 emissions. 
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Evolution of the electricity price 

Since the deregulation of the electricity market the electricity price has fluctuated. The price 
decreased between 1996 and 2001 as a consequence of the expansion of hydropower capacity 
and the first competitive reaction within a deregulated market. 2003 was a dry year causing 
the electricity price to rise. In Nordpool Market the production is based on hydropower, 
therefore electricity prices are very influenced by how much water is available. Since the 
introduction of Emissions Trading in 2005, the electricity price has been influenced by it. 
During the first months of year 2006 the high price of emission allowances increased the 
electricity price. Then problems in the nuclear generation increased the prices further. Good 
weather during 2007 and low prices of allowances decreased the electricity prices. High 
prices of emission allowances and gas increased the electricity price in year 2008 [SEA, 
2008]. 
Figures 29 and 30 show the evolution of the price of electricity and Emissions Trading 
allowances: 

 
Figure 29: Electricity price. Source: Modified from Energy indicators, SEA, 2008. 

 

 
Figure 30: Emissions allowances price. Source: Energy indicators, SEA, 2008. 
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2.7 Electricity market in Spain 

Spain, as a European country, is included in the open electricity market. The electricity price 
level is higher than in Sweden, thus making it representative of the price level in Europe. For 
this reason, it is interesting to include the Spanish prices in the model to compare the behavior 
of the total cost, and analyze the performances of the absorption chillers and the CHP plant in 
the system. This simulation is considered in the Sensitivity Analysis section. 
 
Charging system 

The charging system in Spain is different than in Sweden. In Spain the electricity rates are 
calculated according to three types of activity: (1) rates affecting to the end-user in “retail 
regime”; (2) rates for access to transmission and distribution; (3) selling prices for producers 
in “Special Regime”. 
 

End-users 

Every year, the Industry and Energy Ministery publishes the rates affecting the costumers 
included in group (1) in the so called BOE (Boletín Oficial del Estado) document. The total 
rate is calculated as: 
 
 

 Total rate = [Tp (€/KW*month) + Te (€/KWh) + CDH + CER]*K 

Tp depends on the contracted power and the power value used depends on whether the system 
has a maximum meter. Te refers to the energy used. These two values are dependant on the 
supply voltage, the application and the hours of use, short, medium and long utility. 
CDH (correction for time discrimination) is a correction applied to benefit or penalize the 
electricity consumption in peak load hours or lower demand hours.  
It is calculated as: 
 
 
 

 CDH (€) = Tej Σ Ei (KWh)*Ci/100 

Tej is the energy price of the medium utility at the correct supply voltage. Ei is the energy used 
in the specific period. Ci is a coefficient depending on the working characteristics. 
Five working characteristics systems are defined, and each one defines the schedule which 
determining what hours will be considered as peak demand hours or low demand hours. 
The electricity which the customers are charged is active energy. Reactive energy is also used 
by the end-users but it is not included in the bill. CER (correction for reactive energy) is a 
correction applied to benefit or penalize the reactive energy consumption. A percentage factor 
Kr is calculated and applied to the basic bill that includes the Tp and Te terms. Kr depends on 
the cosβ, power factor. 
The K factor is a correction to included VAT and taxes. The value is 1.2193. 
The purchase prices of the electricity used in the compression machines are included in this 
group [BOE, 2008]. 
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Special Regime 

Special Regime includes all producers whose generation system is efficient or environmental 
friendly. The sales rules of the electricity produced are applied according to the characteristics 
of the systems, which are classified according to “Real Decreto 661/2007”, attending to: (1) 
type of plant: cogeneration plants, solar energy, wind and geothermal installations, 
hydropower; (2) type of fuel: bio-gas, bio-fuels, biomass MSW; (3) source of the fuel: 
industry, agriculture, forestry; (4) efficiency, power capacity and the age of the plant.  
The plants included in special regime can sell the surplus1 of electricity to the grid and only 
installation using biomass can sell all the electricity generated.  
Electricity can be sold according to two mechanisms: 
1. Selling the electricity to a distribution company.  

 

 
TR is the charge price that depends on the group within the plant has been classified and 
the power capacity. The reactive complement is calculated as a percentage applied to a 
fixed price, 7.8441c€/KWh. The percentage is depends on the power factor and is also 
different depending on the time of the production. The efficiency complement is a subsidy 
for saving fuel in the plant.  
 
 
where REEmin is the minimum efficiency demanded (it is tabulated for different plants 
using different fuels; Cmp is the fuel cost (c€/KWh) and REEi is calculated as: 

 

E is the electricity produced, V is the heat produced, Q is the amount of fuel used and 
RefH is a reference value that evaluates the heat efficiency of separated production. The 
value is tabulated and depends on the type of fuel and the heat recovery system, which can 
be steam water, or the direct use of exit gases. 

 
2. Selling the electricity on the market. 

3.  

Pr is a grant which depend on the production group and the power capacity [BOE, 2008]. 
 

Since the plant of the case of this study would be included in the Special Regime, this 
criterion is applied to calculate the sales price of the electricity produced in the system. 
 
 

 

                                                 
1 Surplus is the resultant flux of electricity after rest the uses of electricity from the grid in the installation. 

Price of electricity = TR + reactive complement + efficiency complement 

Price of sale = market price + Pr + reactive complement + efficiency complement 

 Efficiency complement = 1.1*(1/REEmin-1/REEi)* Cmp 

 REEi = E/[Q-(V/RefH)] 



Literature 

Comparison between Spain and Sweden 

Despite that the purchase prices in Sweden are lower than in Spain, the sales prices in Sweden 
are consistently higher than in Spain for plants using waste fuels. It means that the electricity 
certificate system used in Sweden is more favorable than the Special Regime used in Spain 
for this type of fuels. 
Figure 31 compares the sales prices in the time steps that are used in the simulation of the 
study (see Sensitivity Analysis section).  
 

 
 

Figure 31: Comparison between sales prices in Spain and Sweden. 
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3. METHOD 
 
After justifying the motivation of the changes in the case of study with the literature section, 
the steps of the working method are explained sequentially in this section. 

3.1 Determining the type of absorption cycle 

The possibility of installing absorption chillers at Astra replacing the compression chillers 
will be analyzed. In order to do this the type of absorption cycle will be determined depending 
on the temperature of the heat source and the site of the cooling production. 
Presently, Astra consumes district heating (DH) for heating proposes. The heat source used in 
the absorption cycle is district heating from the energy company. The supply temperature of 
DH depends on the load that varies with the outdoor temperature, (see figure 32). 
 

 
Figure 32: Supply and return DH temperatures. Source Zinko, 2008. 

 
In the summer the DH temperature reaches the lowest values of 70ºC. Other design values of 
the DH system are, pressure of 16 bar, and flow velocity of 1m/s that increase to 2 m/s in 
larger pipes. 
The integration of the cooling production with CHP plants for the DH production becomes a 
decentralized cold generation. 
According to the characteristics of the types of system explained in section 2.4.2.2 (see table 
2), the most appropriate system is single step and Water/lithium bromide as working fluid. 

3.2 Analysis of the cooling demand in the plant 

The analysis of the whole system is referred to the year 2007. The cooling demand has been 
collected from two sources. In a meeting with the company in December, data from building 
B611, B612, B614, B616, B621, B869 and B681T was collected. This is a monthly demand 
from 2007. 
The data concerning buildings 653, 654, 681M, 691 and 661 has been estimated from Nilsson, 
2007. This data is the monthly demand of period 2005/09/01-2006/08/31. 
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The working characteristics of the system such as type of refrigerant, working evaporator and 
condenser temperatures, cooling capacity, cooling towers capacity and COP has been taken 
from the data collection of Jakob Nilsson and from maps of the cooling network of the plant.  
The cooling demand has been divided according to the time division used in the model, (see 
section 3.8.2). 
 
3.2.1 Justify the potential of conversion 

The cost of absorption machines increases when the temperature in the evaporator is lower 
than 4ºC. The lowest cooling temperature for comfort cooling in the Astra is 2ºC. Contact 
with the energy manager of the plant confirmed that a temperature of 4ºC is enough to supply 
the buildings B614, 653, 654, 661, 681M, 869, thus all buildings with evaporator 
temperatures higher than 4ºC can be converted to absorption machines.  
The characteristics of the buildings converted are described in detail in table 6. 
 

Building Input Tª evap Output Tª evap Cooling capacity (MW) COP

B 611 12 6 3.72 4.60

B 614 9 2 3.10 4.10

B 653 7 2 3.90 4.96

B 654 7 2 5.27 5.35

B 661 9 2 11.00 3.80

B 681 T 14 8 2.50 5.30

B 681 M 9 2 2.60 4.87

B 869 9 2 19.95 2.71

B 691 12 6 0.32 4.47  
Table 6: Working characteristics of the cooling in the buildings. 

 
The heat demand of the absorption machines has been calculated using a standard COP value 
of 0.7.  

3.3 Calculation of the electricity consumption 
The electricity consumption has been calculated by dividing the cooling demand with the 
COP. Due to that the COP and the cooling capacity of each building are different; the COP of 
the building has been estimated according to the maximum capacity of the machines within 
the building. 
The electricity consumption has been divided in time steps according to the time division in 
the model (see section 3.8.2). 
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3.4 Data from DH demand 

Data concerning the DH demand was received from Telge Nät. The data available is the 
hourly demand for 2007 (figure 33). This data will be used in the model with the time division 
used in the model (see section 3.8.2). 
 

 
Figure 33: DH hourly demand. 

 

3.5  Data concerning the production plants in the DH system 

In a production report about Söderenergi [Söderenergi production, 2007] and information data 
provided from Peter Wässingbo, manager of the energy company, information about the 
production plants was collected. For Igelsta and Fittja the efficiencies of the boilers are 
specified for each month. In order to do an accurate approximation, the efficiencies are 
estimated for the time steps used in the model. For Huddinge and Geneta the efficiencies are 
average values of the year. 
According to Söderenergi production, 2007, Huddinge and Geneta are stand-by utilities. Thus, 
they are not included in the simulation since the heating capacity of the buildings Igelsta and 
Fittja is enough to cover the demand. 
The maximum capacity of the boilers is provided, but data about the maximum capacity of the 
boiler P1 in Fittja is unknown. It is assumed to be used as much as necessary. This boiler is 
fuelled by oil. Boiler P2 in Fittja also uses oil, the rest of boilers included in the model are 
fuelled by cheaper fuels. Therefore, the optimization method that minimizes the cost will 
consider P1 as the last option to meet the demand. The total heating capacity of the boilers 
about which the capacity is known is 235 MW and the maximum heating demand in the 
scenarios analyzed is 250 MW. The capacity of the boiler P1 necessary to meet the maximum 
demand is 15 MW which is a low and acceptable value. 
For the CHP plant, the information about the heat and electricity power capacity, heat and 
electricity efficiencies and power to heat ratio are detailed. 
The efficiency of the sulfur separation system is assumed to be 100%. 
 

Costs of the CHP plant 

Data concerning investment and operating cost of the CHP plant is not available. The goal of 
the study is a comparison of saving fuels and emissions, thus the accurate investment cost of 
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the CHP plant is not relevant information. But, since the plant is not yet in operation it is 
interesting to include the investment cost in the study to know the real cost and the pay-back 
of the investment. The cost used is from Elforsk, 2007. The data available depends on the fuel 
of the plant and the power size. The selection is done considering the whole capacity of the 
plant, and the resultant cost is multiplied by 42% since only 42 % of the heat produced is used 
in Södertälje. The total cost includes the investment cost and operation and maintenance 
(O&M) part. The values corresponding to a plant of 80 MWe are shown in table 7: 
 

Power capacity Investment O&M

(MWe) (SEK/KWe) (% of invest.)

80 21500 1.5  
Table 7: CHP costs. Data from Elforsk, 2007. 

 
The fuels used in each plant are included in the report Söderenergi production, 2007. All data 
is referred to year 2007, and it is detailed in the Input data section. 

3.6 Investment cost of absorption cooling 

The cost estimated of the absorption cooling is 1 MSEK/MWcooling [Svensson, 2009]. The 
total cooling capacity that is converted to absorption cooling is 34.4 MW. Due to the 
increased production in the plant, the number of compression machines has been increasing, 
and during year 2007 the maximum capacity used was 11.5 MW in august. According to 
Nilsson, 2007 report about the cooling system of Astra (Gärtuna), the maximum power used 
during the period 2005-09-01 – 2006-08-31 was 17.5 MW, which means that the cooling 
system is over-sized. 
For an accurate analysis of costs, the cooling capacity that will be installed is considered to be 
20 MW. It permits an increase by 74% of the cooling demand in the future. 
The economical and technical life of the absorption machine is considered to be 20 years. 

3.7 Electricity and fuel prices 

3.7.1 Electricity prices 

Two electricity prices are included in the system, purchase prices of the electricity used in the 
compression machines that is supplied from the grid, and sales prices of the electricity 
produced in the CHP plant that is introduced in the grid. The composition of the prices is: 
 
 

 
Purchase price = Base price + Electricity tax + quota*electricity certificate price 

 
 

Sales price = Base price + electricity certificate price 

The base price depends on the fuel used in the production. They are referred to year 2007 
[Nordpool, 2007].  
The Electricity Certificates are included in the sales price when the electricity is produced 
from a technology that uses bio-fuels. The new Igelsta CHP plant will be fuelled by different 
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types of bio-fuels but also other fuels. Since in the model the plant is fuelled by crushed 
waste, the electricity certificate price is added in the sale price. 
The base price and the electricity certificate price [Tricorona, 2008] change over the year. 
Thus, the prices are introduced according to the time division used in the model (see section 
3.8.2).  
 
Discussion about use rates referred to year 2007 or 2008 

All data concerning the demand in Astra and the production in Söderenergi refers to year 
2007. The analysis studies the possibility of converting the system in the future and despite 
the fact that the CHP investment is already made, the plant is not running yet.  
The comparison of the values between years 2007 and 2008 (table 8) helped to decide what 
rates to use. 
 

2007 2008

Electricity tax (SEK/MWh) 265 270

Electricity Certificate (SEK/MWh)1 208 320

Quota (%) 15.1 16.3  
Table 8: Comparison between year. 1 the price is an average value of the year. 

 
The electricity certificate price has increased considerably. The quota and the electricity tax 
also have increased. Thus it is interesting to include the current values and assuming that the 
demand is constant for each year. 
 
3.7.2 Fuel prices 

Depending on the type of fuel the price has different components. The taxes are applied 
according to the criterion explained in the section 2.6.3 about Policy instruments. The taxes 
are taken from Söderenergi production, 2007.  
Only oil is strained by energy tax and CO2 tax. Peat, wood chips and oil have sulfur 
emissions, thus sulfur tax should be included in the price. The plant has a sulfur separation 
system, so sulfur taxes are not considered. 
The mix of wood chips and peat has a proportion of 30% of peat and 70% of wood chips. The 
cost of the mixed fuel is calculated with these proportions. 
Fuel prices are constant in all time steps. 

3.8 DH analysis: MODEST simulation 

3.8.1 MODEST 

The model used to analyze the DH system is MODEST, a Model for Optimization of 
Dynamic Energy Systems with Time-Dependent Components and Boundary Conditions. The 
district heating system available to supply the heat demand is represented by a network, where 
all components such as fuel, plants, DH demand and DH distribution are nodes of the grid. 
The characteristics and limitations of the nodes are specified in the system and linear 
programming minimize the whole cost. The fuel costs, efficiencies of the plants, maximum 
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power capacity, investment and running cost of the plants and demand can be time dependent 
input data. 
The result of the model is the optimal cost, the CO2 emissions and the power that is generated 
within the system to meet the heat demand in each time step. 
The model makes it possible to compare different alternatives and decide what investments of 
what dimensions are most profitable. It has been used to analyze many municipal energy 
systems, to do an electricity load management, and to optimize energy systems in more than 
30 Swedish municipalities [Henning, 1997]. 
The linear programming used to optimize the system is called the Simplex Method. The 
components of the program are: (1) objective function: the total cost that is minimized, (2) 
variables: properties whose value influences the objective function. (3) boundary conditions: 
define the values and limitations of the variables in the model. 
In the system studied, the objective function is the total cost and the aim is to minimize it. 
Each node of the system is described with the linear equation of the energy balance of the 
flows through it. 
The DH system studying the studied case has two types of plants, boilers and combined heat 
and power plants; the linear equations that are used in the Simplex Method to define the 
boundary conditions of the plants are: 
 

• Balance in the boiler: 

 
Figure 34: Boiler network. Source: Modified from Henning 1997. 

 
F is the fuel used in the boiler; B is the boiler and D the DH network. FB and BD are the 
flows in MW of the period i of the season j. ŋ is the efficiency of the boiler. 
 

 
  BDij – ŋij* FBij =0   V i,j. 

To define the limitation of the output capacity m, that can be also time dependent: 
 
 
 

  BDij ≤ mij  V i,j. 

• Balance in the CHP: 

 
Figure 35: CHP network. Source: Modified from Sundberg, 2001. 
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F is the fuel, C is the CHP plant, E is the electricity grid, D is the district heating network and 
FCij, CEij, CDij the energy flows in MW. 
 
 
 

CEij + CDij – ŋ*FCij = 0 

The ratio between electricity and heat is defined by the α-value: 
 

 
 

CEij – α*CDij = 0 

Other conditions of the energy systems are: 
 
• Distribution losses of the DH network are assumed to be zero. Thus the efficiency  

ŋij = 1:  

 
Figure 36: DH network. 

 
 

 1*DVij = vij   V i,j. 
 
• Transmission losses from the plant to the district heating network are assumed to be zero:  

 
Figure 37: DH network. 

 
 

 
 

CDij + Σn BDij = DVij   V i,j     n: number of boilers 

• Economical analysis:  

Total cost in MODEST includes the energy costs and the investment cost in case of new 
installations. The cost is calculated for the total period chosen. The model applies a discount 
rate (r) that is included in an annuity value used to calculate the real year cost.  The discount 
rate used in the model is 6%.  
The annuity is calculated as: 
 
 
 
   Annuity = (1-(1-r)-p)/r 
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According to a discussion together with Shahnaz Amiri and Alemayehu G-Medhin, MODEST 
works in a satisfactory way for a period (p) of 10 years. The interest of the analysis is for 1 
year. The simulation is done for 10 years and the cost for 1 year is calculated by dividing the 
total cost obtained between the annuity. When r is 6%, cost factor is 7.36. 
The investment cost is introduced in the system as (SEK/MWe), and is calculated from the 
maximum power output. If the economical life of the machine is longer than the period 
analyzed, the current value of the salvage value (see figure 38) is deducted from the 
investment cost. [Henning, 1997]. The effective investment cost is calculated as: 
 
 
 
  Effective inv.cost = real investment cost (SEK)*[1-(L-p)/L]*(1+r)-p] 

A positive cost means a loss and a negative cost a gain. 
In the project, the economical life (L) of the plant is assumed to be 15 years, and the period 
studied (p) is 1 year. Figure 38 shows the effective investment cost in this case. 

 
Figure 38: Effective investment cost. Source: Modified from Henning, 1997. 

 
In order to calculate the production cost for each year, and then calculate the pay-back period 
of the investment, the investment cost of the CHP has not been included in the model. In the 
sensitivity analysis this point has been considered. 
 
3.8.2 Time steps 

For an accurate simulation of the interaction of the real conditions with the energy system, the 
time steps are dimensioned considering the fluctuation of the input data of the model such as 
the heat demand, electricity and fuel rates, efficiency variations and all time dependent 
conditions. Within each time step the properties of the system are assumed to be constant. 
Two different time-divisions are defined in MODEST but it is possible to define your own 
time steps.  A new division has been used in the project according to heat demand. 
The year has been divided into four seasons. The first one is from months November to march 
and include 12 steps. The peak heat demand occurs in this period, so five time steps are 
specified to analyze these peaks. The others three seasons include 4 steps, 2 for week days 
and 2 for weekends and holidays.  
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Table 9 shows the division: 
 

Season Type day Hours Days
1. nov‐mar weekday 105 105

105 105
840 105
630 105
840 105
1 1
1 1
1 1
1 1
1 1

sat,sun,holi 736 46
368 46

2.ap,sept,oct weekday 992 62
496 62

sat,sun,holi 464 29
232 29

3.may, jun, aug weekday 1040 65
520 65

sat,sun,holi 432 27
216 27

4.july weekday 352 22
176 22

sat,sun,holi 144 16
72 9  

Table 9: Time division. 
 

3.9 Costs 

Astra Zeneca has a DH contract with Söderenergi; it is a costumer. Along the study, the 
consequence of two changes are analyzed; (1) the conversion from compression to absorption 
chillers is made at Astra Zeneca Gärtuna; (2) the introduction of the CHP plant for the district 
heating production is made in Söderenergi. From an economical point of view, each change 
affects on different way each company. In this way, two costs can be calculated. The cost for 
the DH production, which considers the total cost of fuels including taxes, the income from 
the sales of electricity, investment and operating cost of the plants and the cost for Astra 
Zeneca, which includes the cost for district heating supply which depends on the contract with 
the energy company, the electricity purchase in case of compression machines, and the 
investment cost of the absorption machines. 
The aim of the project is to analyze the fuel savings and the reduction of carbon dioxide 
emissions of the conversion, so in the study the systems of the companies are modeled as one 
integrated system. As a result, the total annual cost is formed by the production cost and the 
cost of new investments. The production cost is referred to the cost of production and includes 
DH production cost, electricity cost and Emissions Trading cost. The DH production cost 
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includes the cost of fuel, taxes, and the profits generated by the sales of the electricity 
produced in the CHP plant to the grid. This part of the cost is calculated by MODEST. The 
electricity cost is calculated in excel. The electricity is purchased from the grid. 
The Emissions Trading cost is calculated in excel since it is necessary to know the amount of 
CO2 emissions to calculate the cost. The number of Emissions Trading permits per time step 
is known. Each permit allows one ton of CO2 to be emitted.  
 
 
 

 (Nº permits/h) *h/time step* 1 ton CO2 allowed/permit = tons CO2 allowed/time step 

 
 

E.Trading cost= (tons CO2 emitted/time step- tons CO2 allowed/timestep) *price [SEK/ton] 
 

3.10 Scenarios studied 

In order to obtain a good analysis of the effect of the conversion from a compression cooling 
system to an absorption cooling system and the integration of the CHP plants to supply the 
DH demand, four scenarios will be modeled. The fourth scenario represents the future 
situation and the three previous scenarios the gradual changes from the current situation to the 
future situation that are of interest to comparison. 
The optimal total cost, the CO2 emissions and the power generated for each system in each 
time step are calculated for the scenarios. The annual CO2 emissions due to the heat 
generation are calculated by MODEST.  
 

Scenario 1: 

In this scenario the compression cooling system and DH production system cost is optimized. 
The system modeled by MODEST includes the boilers in Igelsta and Fitjja and the current 
district heating demand in the plant.  
In this case, the boilers are assumed to be paid off, so investment cost of the boilers are not 
included. 
The production cost includes the electricity cost. The total electricity demand considers only 
the electricity used in the systems which will be converted to absorption cooling, not all 
cooling machines. 
 

Scenario 2: 

The compression system is replaced by absorption machines. The system modeled includes 
the boilers in Igelsta and Fittja, and the DH demand is formed by the current heating demand 
(Scenario 1) and the heat demand of the absorption machines.  
The total cost includes the investment cost of the absorption chillers. 
 

Scenario 3: 

A new CHP plant is included in the DH production. A share of 42% of the total capacity of 
the CHP plant is used to supply the DH system of Södertälje, thus the heat and electricity 
capacity used in the simulation are reduced to that proportion. 
The system modeled is composed by the Igelsta and Fitjja boilers and the Igelsta CHP plant. 
The cooling system is a compression system. The DH demand is the current demand that is 
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the same as in scenario 1. The electricity cost only includes the electricity used in the 
compression machines that will be replaced by absorption machines. The electricity produced 
by the CHP plant is sold to the grid. 
 

Scenario 4: 

The compression machines are replaced by absorption machines. The CHP plant is included 
in the DH production.  The DH demand is formed by the current demand and the heat needed 
in the absorption machines. 
 
3.10.1 Construction of the DH network in MODEST 

Two different structures of the DH networks are used to analyze the four scenarios. The 
network used for scenarios 1 and 2 is composed by: 
• 5 start nodes that represent the fuels used in the boilers. Each node is connected to the 

boiler that it fuels. In the connection the price of the fuel (SEK/MWh), the efficiency of 
conversion and the emissions generated (KgCO2/MWhfuel) are specified. Because the 
efficiency of the boiler depends on the fuel used, it is included through this connection. 

• 5 conversion nodes that represent the boilers of the Igelsta plant and the Fittja plant. The 
maximum capacity of the boilers is detailed in these nodes. The energy produced in the 
boilers is introduced in the DH distribution, so these nodes are connected to the following 
node explained. Also the transmission efficiency is described here. 

• 1 node that represent the DH distribution. This is a conversion node from the production to 
the demand that cannot store any heat. All production needs to meet a demand. This node 
is connected to the DH demand by including the transmission efficiency. 

• 1 demand node that represents the DH demand. The DH demand for each time step is 
included in this node in MW. 
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Figure 39 below shows the schematic of the DH system: 
 

 
Figure 39: DH network 

 
The DH network of scenarios 3 and 4 is completed from the network explained above: 
 

• 1 conversion node represents the CHP plant. The α-value and maximum power output are 
introduced in this node. Two outflows leave the CHP plant. The heat outflow is introduced 
in the DH network (existent node), and the electricity is introduced in the grid. The plant 
gets a grant for the electricity certificate system that is introduced in the flow to the grid as 
a negative value. 
The fuel used in the plant is crushed waste. This fuel was also used in the previous system, 
so a new output from that node is connected to the plant by including the efficiency of 
conversion.  

• 1 conversion node represents the electricity grid. The outflow from this node goes to 
electricity sales. The transmission efficiency and the income from the sales is included as a 
negative value.  

• 1 node named waste node represents the electricity sales from the grid. All electricity 
produced in the CHP plant is sold to the grid.  
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Figure 40 shows the modified network: 
 

 
Figure 40: DH network 

 

3.11 Pay-back 

The pay-back is a value which indicates in how many years an investment is recovered. The 
pay-back of the cooling machine investment is calculated from the savings produced by the 
introduction of the investment in the production, i.e. with the savings of scenario 2 compared 
to scenario 1. In scenarios 3 and 4, the pay-back is calculated by comparing the reduced 
production cost to scenario 1. 
In the study the investment is considered to be made one year before the first running year of 
the machine. All savings of the system are considered to increase 6% each year starting from 
the second year.  

3.12 Sensitivity analysis 

The behavior of the system is analyzed through some changes in the input data. The changes 
have been conducted after analyzing the result of the base scenarios. 
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Limitations 

4. LIMITATIONS 
 
Some assumptions have been necessary since some limitations have decreased the precision 
of the analysis. The solution has been explained along the Method section.  
 
a) Input data 

• The cooling demand of some systems is refers to year 2006. Thus, not all data used in the 
simulation is from the same period. The demand has been assumed to be constant from 
year 2006 to year 2008. 

• Data about the cooling demand is defined per month. In the division of the time steps used, 
the data is more imprecise since the months have been divided into groups corresponding 
to the seasons. 

• The heat demand of the absorption machines has been calculated using a standard COP 
value of 0.7. The COP value of the compression machines is high. The working 
temperatures of the system might reach higher COP values for the absorption machines. 

• Weekly data, like the electricity certificate price, hourly data, like electricity prices in 
Spain and monthly data, like the efficiencies in the boilers, have all been adapted to the 
time division used. 

• The efficiency of the boilers depends on the load. The load of the MODEST optimizations 
is assumed to follows the same distribution that the monthly production corresponding to 
monthly efficiencies data from the energy company. 

• The cooling machines at Astra Zeneca are divided into buildings, since the cooling demand 
data refers to each building. The COP of the cooling machines for each building used has 
been estimated by the criterion explained in the section 3.3. 

• The investment, operating cost and economical and technical life of the CHP plant has 
been estimated based on the fuel used and the capacity of the plant. 

• The electricity used in the pump of the absorption machines has not been considered since 
it is very little compared to the heat used in the generator. This point is further discussed in 
the sensitivity analysis. 

• The emissions in Sweden are low but the Swedish grid is not isolated, it is connected to Europe. 
  For this reason the electricity used in the compression machines is assumed to be generated by coal 

condensing plants. 

b) MODEST 

• The cost calculated by MODEST is the whole DH cost of the system simulated; the 
components of the cost such as fuel cost or electricity cost cannot be output.  

• Due to the limitations of the model for a period of 1 year, a period of 10 year has been 
simulated. 

• The emissions per each time step necessary to compare the scenarios cannot be calculated 
by MODEST. The output is the amount of emission generated in the whole period studied. 
Then, they are calculated by excel. 
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5. INPUT DATA 
 
In this section all data input used in the MODEST simulation and to calculate the cost of the 
system are included.  Data used in the sensitivity analysis, calculations and data used to 
calculate input data for the simulation are included in the appendixes.  

5.1 DH demand 

The DH demand used in scenarios 1 and 3 is shown figure 41. 
 

 
Figure 41: DH demand per time step. 

 
The DH demand including the demand of the absorption machines, which is used in scenarios 
2 and 4 is in figure 42. 
 

 
Figure 42: DH demand, scenarios 2 and 4. 
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5.2 Data concerning the production plants in the DH system 

Plant Cooling capacity                                  Efficiency per season Fuel

MW 1 2 3 4

Igelsta P1 32.76 90.86 90.70 89.86 89.40 Crushed waste

Igelsta P2 42 94.04 94.06 95.06 94.20 Peat into smaller parts

Igelsta P3 39.90 89.62 89.03 89.13 89.40 Wood chips/peat

Fittja P1 82.54 82.30 82.30 82.30 Oil

Fittja P3 67.20 93.30 83.93 96.30 96.30 Oil

Fittja P4 52.50 91.82 83.96 94.83 79.20 Wood pellets  
Table 10: DH plants. 

 
The characteristics of the CHP plant (table 11): 
 

Capacity (MW) Efficiency Alfa value

Electricity  85 0.33 0.42

Heat 200 0.79

Total 1.12  
Table 11: CHP plant. 

The fuel used in the plant is waste. 

5.3 Investment cost of absorption cooling 

The absorption investment of 20 MW is 20 MSEK. 

5.4 Electricity and fuel prices 

The electricity and fuel prices are constant in all scenarios. 
Fuel prices (table 12): 
 

                  SEK/MWhfuel

Fuel Energy tax Sulfur tax CO2 tax Fuel price Total cost

Crushed waste 0
Peat into smaller parts 188 188
Wood chips and peat 84.4 84.40
Oil 68 201.30 284.74 554.04
Wood pellets 244 244  

Table 12: Detail of the components of the fuel cost. 
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Price of purchased electricity (table 13): 
SEK/MWh    

Time step Base price Energy tax Elect. Certificate Quota*Elect. Certificate Total cost
1 188 270 283.54 46.22 504.22
2 188 270 283.54 46.22 504.22
3 188 270 283.54 46.22 504.22
4 188 270 283.54 46.22 504.22
5 188 270 283.54 46.22 504.22
6 188 270 283.54 46.22 504.22
7 188 270 283.54 46.22 504.22
8 188 270 283.54 46.22 504.22
9 188 270 283.54 46.22 504.22
10 188 270 283.54 46.22 504.22
11 132 270 285.03 46.46 448.46
12 132 270 285.03 46.46 448.46
13 765.96 270 344.60 56.17 1092.13
14 765.96 270 344.60 56.17 1092.13
15 396.92 270 343.43 55.98 722.90
16 396.92 270 343.43 55.98 722.90
17 244 270 364.59 59.43 573.43
18 244 270 364.59 59.43 573.43
19 188 270 363.52 59.25 517.25
20 188 270 363.52 59.25 517.25
21 188 270 358.87 58.50 516.50
22 188 270 358.87 58.50 516.50
23 0 270 358.20 58.39 328.39
24 0 270 358.20 58.39 328.39  

Table 13: Purchase electricity prices. 
 

rice of sold electricity (table 14)P : 
SEK/MWh    

Time step Base price Electricity certificate Total cost
1 188 283.54 471.54
2 188 283.54 471.54
3 188 283.54 471.54
4 188 283.54 471.54
5 188 283.54 471.54
6 188 283.54 471.54
7 188 283.54 471.54
8 188 283.54 471.54
9 188 283.54 471.54
10 188 283.54 471.54
11 132 285.03 417.03
12 132 285.03 417.03
13 765.96 344.60 1110.56
14 765.96 344.60 1110.56
15 396.92 343.43 740.35
16 396.92 343.43 740.35
17 244 364.59 608.59
18 244 364.59 608.59
19 188 363.52 551.52
20 188 363.52 551.52
21 188 358.87 546.87
22 188 358.87 546.87
23 0 358.20 358.20
24 0 358.20 358.20  

Table 14: Sales prices. 
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5.5 Electricity consumption 

The cooling demand does not change in all scenarios, then, the electricity consumption per 
 in table 15: time step in scenario 2 and 4 is

 

 
Table 15: Electricity consumption. 

5.6 Emissions Trading cost 
 

Time step Price SEK/ton nº of permits
1 74.25 15.72
2 74.25 15.72
3 74.25 15.72
4 74.25 15.72
5 74.25 15.72
6 74.25 15.72
7 74.25 15.72
8 74.25 15.72
9 74.25 15.72
10 74.25 15.72
11 74.25 15.72
12 74.25 15.72
13 195 7.77
14 195 7.77
15 195 7.77
16 195 7.77
17 210 2.47
18 210 7.33
19 210 7.33
20 210 7.33
21 225 0
22 225 0
23 225 0
24 225 0  

Table 16: Number of permits and price per ton emitted. 
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6. RESULTS 
 
The results of the MODEST optimizations are explained for each scenario and then, the 
scenarios are compared to each other. Within each scenario the analysis of the results is 
divided in two parts, analysis of the fuels and analysis of the emissions. The fuel includes the 
fuel used for the DH production. The CO2 emissions of the system include the emissions 
related to the fuel used for the heat production and the emissions produced of the electricity 
used in the compression chillers. The electricity purchased from the grid that is used in the 
compression chillers is assumed to be produced by a coal condensing power plant. The coal 
plant produces approximately 1 ton CO2/MWhe. 
All the results are of a period of one year. 
 

Previous analysis 

In order to understand the fuel selection in each time period in the solution proposed by 
MODEST, it is needed to know the price of each fuel (figure 43). 
 

 
Figure 43: Fuel cost. 

 

The prices are shown as a result of the base price, the energy tax and the CO2 tax. The oil is 
the most expensive fuel and its price is very influenced by the taxes. Pellets are the second 
most expensive fuel. The waste is free and the base cost is zero. 
The boilers where the fuels are burnt have different efficiencies. It means that the quantity of 
fuel used to produce one MW is different in each boiler. The Simplex Method tries to 
minimize the cost; in this way, the efficiency of the boiler must be considered to choose the 
cheapest possibility.  
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The effective cost of the fuel (see figure 44) co
ividing the pri

nsiders this point. It has been calculated by 
ce between the efficiency of the boiler2. d

 

 
Figure 44: Effective price. 

osen before Fittja P1. 
he carbon content in the fuels is not the same. A comparison between the emissions 

generated for the different fuels is shown in figure 45. 
 

 

The order of the effective price is the same as the price of the fuels. The effective cost of the 
oil in the two boilers is diffenent. It means that Fittja P3 will be ch
T

 
Figure 45: Emissions per KWhfuel. 

 
 
 
 
 
 
 
 
 
 
 

                                                 
2 The efficiency of the boiler is time dependent. The efficiency used to calculate the effective cost has been 
pondered according to the efficiency and the hours in each time step and for each boiler. 
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Peat is the highest emitter followed by oil. Production using wood pellets is free of emissions. 
In the Emissions Trading market, the number of permits and the price per ton exceeded varies 
etween the different time steps. For periods that the emissions are more scarce, the price is 

higher (see figure 46).  
 

b

 
Figure 46: Comparison between price and number of Emission Permits. 

6.1 Results of the scenarios  
 
Scenario 1 

Analysis of fuels 

The optimal energy balance (table 16): 
 
Fuel MWh     Cooling demand

Electricity 11660,41     47522,31 MWh

Crushe waste 307503,17 278288,12

Peat 150922,4 141867,06
DH demand

W chips/peat 234517,38 9691,42
636770,1 MWh

il 13,14 10,84

il 240,26 224,16

llets 7285,95 6688,5

20

O

O

Pe

Compression
machines

IGELSTA P1

IGELSTA P2

IGELSTA P3

FITTJA P1

FITTJA P3

FITTJA P4

 
Table 16: DH  production and electricity consumption, scenario 1. 

 
he following figure explains, through the comparison between the heating capacity of each 
el and the fuel used in scenario 1, how the MODEST optimizes the cost by selecting the 

heapest fuel to meet the demand. The heating capacity has been calculated by multiplying 
e maximum capacity of the boiler per the number of hours and divided by the efficiency of 

conversion. 

T
fu
c
th
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Figure 47: Comparison between fuel used and fuel capacity. 

 
Since crushed waste is the cheapest fuel it is used in all time periods, and it is proportionally 
the most widely fuel used. Wood pellets and oil are the most expensive, thus they are only 
used during peak demand (figure 48). 
 

 
Figure 48: Distribution of fuel per time step. 

 

The boiler P1 in Fittja (fired by oil) runs only in time step 8, when the heat demand  is the 
highest. The boiler P3 in Fittja (fired by oil) only runs during the peak loads. The boiler P4 in 
Fittja (fired by wood pellets) runs during the first ten time steps, when the heat demand is 
higher because is an expensive fuel. 
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Analysis of CO2 emissions 

The distribution of the production of CO2 emission per time step (see figure 49) is quite 
different from the distribution of fuels in figure 48.  
 

 
Figure 49: Distribution of emissions generated for each fuel used and in the electrcity generation. 

 

During peak load time steps the emissions reach their lowest value. That is easy to understand 
since these periods last only one hour. The peat used in MW is 44.68MW and oil is used 
during the five peak steps.  
The amount of CO2 permitted per time step in the Emissions Trading market is shown in 
figure 50 as a comparison to the amount of CO2 produced. 
 

 
Figure 50: Comparisson between tons permitted and tons produced per time step. 

 
 7 time steps, the emissions are lower than the target value, then, there are no penalizations. 
he highest penalization happens in the third time step. 

In
T
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Scenario 2 

Analysis of fuels 

The optimal energy balance (table 17): 
 

Crushe waste 317395,72 287141,40

Peat 159197,35 149645,52
DH demand

W chips/peat 282106,73 252088,70
704666,76 MWh

Oil 18,72 15,44

Oil 259,98 242,56

Pellets 16920,63 15533,14

IGELSTA P1

IGELSTA P2

IGELSTA P3

FITTJA P1

FITTJA P3

FITTJA P4

 
Table 17: DH production, scenario 2. 

 
The increa  full load se of the heat demand has caused that the plant using waste is running at
all time steps. Following the same structure of the scenario 1 of the plants producing, the mix 
of wood chips and peat is saturated during the first season.  Peat burnt in Igelsta P2 is used 
only during the first season when the capacity is saturated. Oil boilers are used to cover the 
five peak hours, but Fittja P1 is only used in time step 8. Wood pellets consumption occurs 
only during the winter months in time step 1-11. Figure 51 shows the distribution of fuel used 
per time step. 
 

 
Figure 51: Distribution of fuel used per time step in senario 2. 
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Scenario 3 

Analysis of fuels 

The optimal energy balance (table 18): 
 
Fuel MWh     Cooling demand

Electricity 11660,41     47522,31 MWh

Crushe waste 114446,86 104032,2

Peat 221,85 208,54
DH demand

W chips/peat 3703,12 3318
636770,1 MWh

Oil 0 0

Oil 0 0

n

Pellets 86,01 78,96

Crushe waste 673226,48 529132,40 Electricity productio

224881,27        224881,27 MWh

Compression
machines

IGELSTA P1

IGELSTA P2

IGELSTA P3

FITTJA P1

FITTJA P3

FITTJA P4

CHP plant

 

 to scenarios 1 and 2. The CHP plant covers about 82% of the production. 
uring periods of lower demand, seasons 2, 3 and 4, all heat is produced in the CHP plant. 

The oil boilers have no production during this period. 
The crushed waste boiler only operates during the first season to supply the heat that the CHP 
cannot cover; in some steps within the first season, wood, peat and pellets are necessary. The 
fuel distribution for each time step is shown in figure 52. 
 

Table 18: DH production and electricity consumption, scenario 3. 
 

The introduction of the CHP plant using the cheapest fuel has changed the distribution of 
fuels in regard
D

 
Figure 52. Distribution of fuel used per time step in scenario 3. 
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Analysis of CO2 emissions 

2 emissions generated by the fuel used is 80055.04 tones. The emissions are 
al emissions including the electricity used in the 

ompression chillers are 91715.45 tons. 
 
Scenario 4

The amount of CO
generated mainly by waste. The tot
c

 

Analysis of fuels 

The optimal energy balance (table 19): 
 

Crushe waste 124493,50 113164,60

Peat 223,40 210
DH demand

W chips/peat 12063,28 10808,70
704666,76 MWh

Oil 0 0

Oil 0 0

Pellets 109,48 100,50

Crushe waste Electricity production

246662,76       246662,758 MWh

738433,67 580382,96

IGELSTA P1

IGELSTA P2

IGELSTA P3

FITTJA P1

FITTJA P3

FITTJA P4

CHP plant

 
Table 19: DH production, scenario 4. 

 
 
The distribution of fuels used is the same that in scenario 3 but the amount of fuels has 
increased. The oil boilers are not used. The CHP plant covers 91.3% of the total production. 
 
Analysis of CO2 emissions 

The whole quantity of CO2 produced is 88614 tons. The emissions are generated by the same 
fuels as in scenario 3, but are increased since more fuel is used. 
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6.2 Comparison between scenarios 

Fuels 

The quantity of fuel needed increases while changes are introduced along the four scenarios. 
The fuels in the columns of figure 53 are arranged by price, from highest to lowest price. The 
ercentage by which the use of fuel increases is also shown in figure 53. p

 

 
Figure 53: Comparison between scenarios of the fuels used. 

 

The proportion of use of cheape s available capacity of the plant 
here it is used. The introduction of the CHP plant in the district heating system replaces the 

he heat demand in the scenarios 2 and 4 is higher than in scenarios 1 and 3. The amount of 
 the same heat demand is different since the distribution of the 

ant is much lower than the 
efficiency of the boilers. The waste is free, thus, it is proportionally the most used fuel. The 
mount of fuel has increased by 25% in scenario 4 compared to scenario 1. 

The increased use of fuel used in scenarios 2 and 4 in comparison to scenarios 1 and 3 is very 
imilar to the increase proportion of the demand that is 10.6%. Although the heat demand 

decreases by 10.6% from scenario 2 to 3, the fuel used increases by 2%. 
his fact is analyzed starting of what is the proportion of each fuel within the scenario and 

how it varies between scenarios (table 20). 

r fuels is higher while there i
w
use of oil and decreases the use of peat, pellets and wood because waste used in the CHP plant 
is free.  
T
fuel used in scenarios with
production changes and the efficiencies of the plants are different. The use of the CHP plant 
increases this difference since the heat efficiency of the pl

a

s

T

 

% scenario 1 scenario 2 scenario 3 scenario 4

Oil 0.04 0.04 0 0

Pellets 1.04 2.18 0.01 0.01

Peat 21.55 20.52 0.03 0.03

Wood/Peat 33.48 36.36 0.47 1.38

C. waste 43.90 40.91 99.49 98.58  
Table 20: Comparison of proportion of each fuel within each scenario. 
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The plant using waste is running at full load in the four scenarios; it means that more waste is 
d because of two reasons: (1) the plant works at full capacity, (2) the demand is lower 

he use of this fuel in 
 capacity was not saturated compared with scenario 1. In scenarios 3 

and 4 the proportion has been reduced strongly because of the high capacity of the cheapest 
fuel. The same effect has occurred with the peat. The capacities of the plants using pellets and 
oil have only been saturated in some peak load steps. 
 
CO

not use
than the capacity of the plant, in this case all the demand is covered by waste; thus in that time 
step the use of other fuels is zero. 
The plants using the mix wood chips and peat are running at full load in the first season of 
scenarios 1 and 2. The increase of the proportion in scenario 2 is due to t
the seasons in which the

2 emissions 

The comparison of the emission generated in the scenarios is divided in two parts: (1) 
emissions generated from the fuel used in the DH production; (2) total emissions considering 
the marginal electricity. 
 
CO2 emissions from the fuel used  

The emissions generated in the scenarios are compared in figure 54. For each scenario the 
fuels contributing to the 
 

emissions are specified.  

 
Figure 54: Comparison of the kind of emission for each scenario. 

 
The amount of CO2 is increased by 8.5% from scenario 1 to scenario 2. The increase of 
percentage of emissions is lower than the increased of fuel used. Although the use of fuel 
increases between scenarios 2 and 3, the emissions have been reduced by 32.6%. The 
increased use of crushed waste explains the better environmental consequences. The increase 
of fuel and emissions from scenario 3 to scenario 4 is very similar. The introduction of the 
CHP plant implies a reduction of emissions of 26.9%. The emissions have been reduced by 
19% in scenario 4 compared to scenario 1.  



Results 

68 
 

Total CO2 emissions and marginal cost  

The electricity produced in CHP plants is introduced replacing other production in the grid. 
The electricity from coal condensing plants has the highest cost, then, according to the theory 
of marginal cost, it will be replaced by the electricity produced from the CHP plant. Table 21 
presents the different contribution of the total CO2 emission. 
 

 
Table 21: Comparison of the total emissions for each scenario. 

 

The introduction of absorption chillers in scenarios 2 and 4 reduces the total emissions. The 
percentage reduction of scenario 4 compared to scenario 3 including the CHP plant is higher 
than the reduction including only boiler for the DH production.  The emissions have been 
reduced by 230.5% in scenario 4 compared to scenario 1. Thus, environmental benefits are 
obtained from the new future system. 
 
Cost 

The detail of the components of the total cost for each scenario is in table 22. 
 

%

MSEK scenario 1 scenario 2 variation 1-2 scenario 3 scenario 4 variation 3-4 variation 1-3 variation 1-4

% % %

DH production cost 50.08 58.02 15.85 -139.68 -153.79 -10.10 -378.90 -407.08

Electricity cost 7.14 0 -100 7.14 0 -100 0 -100

Emission trading cost 2.63 3.65 38.69 0.97 1.94 100.48 3.28 -26.38

Production cost 59 -15.41 -319.83 -353.71

3.83

-6

.85 61.67 3.04 -131.57 -151.85

CHP investment/O&M - - - 779.06 779.06

Absorption investment - 20 - - 20

TOTAL COST 119.70 143.34 19.75 515.92 495.37 -3.98 331 31  
Table 22: Components of the total cost. 

 

Both the total and production cost have increased in the scenario 2 compared to scenario 1. 
The DH production cost has increased due to the higher production. The emissions have 
increased and therefore the cost related to Emissions Trading has increased by 38.7%. This 
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proportion of cost is higher than the proportion of emissions; the emissions have increased 

 scenario 3, the benefits of the electricity sales are higher than the fuel cost. Thus, the 
district heating production cost is negative. In figure 55 a comparison between the costs 
included within the DH cost shows how the gain of the electricity sales is much higher than 
the fuel cost, the electricity purchase and the Emissions Trading cost together. Although the 
sales of electricity is a gain and the signs is opposite to the rest of cost, in figure 42 has been 
considered as positive in order to facilitate a comparison with the other ones. 
 

during season 2 and 4 that is when the cost per ton CO2 penalized is the highest. Although the 
total cost does not improve in this first step towards the solution, the use of electricity has 
been replaced by heat. In the immediate future, higher electricity prices will improve the cost 
of scenario 2 compared to 1. 
In

 
Figure 55: Comparison of the kind of cost for scenario 3. 

 
The fuel cost only affects 8 time steps. The purchased electricity cost for the compression 
machines is 18 times higher than the fuel cost. This distribution justify that in scenarios 3 and 
4, when sales of electricity take place, the production cost becomes a profit. 

he cost of Emissions Trading of scenario 3 has decreased by 63.3% compared to scenario 1 
3.5% compared to scenario 2. While in scenarios 1 and 2 the limited amount of 

y, in scenario 3 
nly in 13 steps were penalized. 

In scenario 4 the Emissions Trading cost has increased 100.48% compared to scenario 3. 
Although the penalization has been in the same time steps as in the previous case, the amount 
of emissions during the fourth season, which has the highest prices and there are any permit, 
has increased by 60.5%.   
All components of the production cost has been reduced in scenario 4 compared to scenario 1. 
If the cost of the plant is included in the resultant cost after one year in scenarios 3 and 4, the 
total cost is positive. It means that the investment of the plant has not been recovered in the 
first year. 
 
 

T
and 7
emissions permitted has been exceeded in 17 and 21 time steps respectivel
o
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Pay-back  
 

Scenario 2 

In scenario 2, despite the cost of electricity for cooling becomes zero, the introduction of the 
cooling machine has increased the production cost, what means that it is not profitable. 
 

Scenario 3 

The production benefits are higher than scenario 1. Thus the new way to produce heat 
generates savings. But the benefits of the production are lower than the investment of the 
plant. The total benefits compared to scenario 1 have increased by 319.64%. For this reason it 
is possible to calculate when the total investment is recovered.  
The pay-back is 4.53 years.  
Scenario 4 

The production benefits are higher than the investment of the absorption chiller. If the CHP 
investment is included, the total cost becomes positive. The production cost has decreased by 
353.7% compared to scenario 1. It means than due to the investment of the new machines, 
saving has been produced.  
The pay-back is 4.15 years.  
 
The pay-back has decreased along scenarios. Comparing the table of the pay-back 
calculations (appendix C), the total value of year 5 is higher in scenario 4, compared to 
scenario 3; then, more benefit is obtained the fifth year of scenario 4 than the fifth year of 
scenario 3. It means that t ity.  he system of scenario 4 is the best opportun



 

 



Sensitivity analysis 

72 
 

7.  SENSITIVITY ANALYSIS 
 
The robustness of the results is analyzed through changing some of the input data of the 
system. 12 modifications are identified with one of four issues: (1) change the electricity 
characteristics: purchase and/or sale prices and amount of use; (2) change the price of fuels; 
(3) increase the cooling demand; (4) change the characteristics of the CHP plant: three 
modifications analyzes scenario 4 including investment cost of the CHP plant, changing the 
economical life of the plant in the MODEST model, and modifying the heat and electricity 
efficiencies. 
The analysis includes how the distribution of the production, the cost and the amount of 
emissions has changed.  

7.1 Spanish electricity prices 

The European electricity price is approximated through using Spanish electricity prices in the 
system. The prices are calculated according to the rules explained in the section 2.6, 
Electricity Market in Spain. The calculations are explained in detail in appendix D. Fuel 
prices and Emissions Trading costs are the same as in the previously analyzed scenarios. The 
results are presented in tables 23 and 24. 
 

                             Scenario 1                            Scenario 2

MSEK Sweden Spain variation % Sweden Spain variation%

DH cost 50.08 50.08 0 58.02 58.02 0

Electricity cost 7.14 8.69 21.79 ‐ ‐ ‐

Emission trading cost 2.63 2.63 0 3.65 3.65 0

Production cost 59.85 61.41 2.60 61.67 61.67 0  
Table 23: Costs variations, scenarios 1,2. 

 
In scenarios 1 and 2 the DH cost has not changed because there are no electricity prices as 
input data. The cost of used electricity in the compression cooling increases. The total cost 
increases with Spanish prices in scenario 2 compared to scenario 1 but the difference is lower 
than with Swedish prices. It means that the electricity price is still competitive with the cost of 
the heat production for the cooling machines due to their lower COP value. Then, the 
investment is not profitable yet.  
 

                             Scenario 3                            Scenario 4

MSEK Sweden Spain variation % Sweden Spain variation %

DH cost ‐139.68 ‐81.13 41.92 ‐153.79 ‐89.47 41.82

Electricity cost 7.14 8.69 21.79 ‐ ‐ ‐

Emission trading cost 0.97 0.97 0 1.94 1.94 0

Production cost ‐131.57 ‐71.47 45.68 ‐151.85 ‐87.53 42.36  
Table 24: Cost variations, scenarios 3,4. 
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Both the DH and electricity cos
prices in scenarios 3 and 4. The b

t has increased with Spanish prices compared to Swedish 
enefits of the renewable production in Spain are lower than 

in Sweden. 

7.2 Electricity prices calculated using rates of 2007 

According to the comparison between the rates used to calculate the purchase and sale 
electricity prices done in Method section, the rates used in the previously studied scenarios are 
referred to year 2008. A new simulation has been done by considering the rates of year 2007.  
The electricity certificate cost used is the average value of the whole year and it is the same 
for all time steps. The new electricity prices are described in detail in appendix D. 
In table 25, the results of different parts of the cost are compared to previously studied 
scenarios using data from 2007. 
 

MSEK s.1 (2008) s.1 (2007) Variation % s.3 (2008) s.3 (2007) Variation % s.4 (2008) s.4 (2007) Variation

DH production cost 50.08 50.08 0 -139.68 -113.98 18.40 -153.79 -124.83 18.83

Electricity cost 7.14 6.80 -4.74 7.14 6.80 -4.74 0 0

Emission trading cost 2.63 2.63 0 0.97 0.97 0 1.94 1.94

Production cost 59.85 59.51 -0.57 -131.57 -106.21 19.27 -151.85 -122.89 19.07

CHP investment/O&M 0 0

 %

-

0

- 779.06 779.06 0 779.06 779.06 0

bsorption investment 0 0 - 0 0 - 20 20 0

TOTAL COST 59.85 59.51 -0.57 647.49 672.85 3.92 647.22 676.18 4.47

A

 
Table 25: Comparison of the costs. 

 

The cost of scenario 2 remains constant since the electricity price does not affect this scenario 
using absorption cooling and boilers for the DH production. The electricity cost is lower than 
the cost of year 2008 because the rates are lower. But, due to the lower rates, the total income 
of the electricity sales decreases and affects the benefits of the DH production, which decrease
by 18.4% in scenario 3 and by bution of the DH production is 

d by considering the electricity consumption in the pump. 
hen, the influence of the electricity in absorption machines is analyzed.  

 

 
18.83% in scenario 4. The distri

the same as in the base scenarios. 

7.3 Electricity consumption in the absorption machine 

The electricity used in the pump of the absorption machines to increase the pressure and 
temperature until the generator level is very low compared to the heat used in the generator. 
The production cost is calculate
T

MSEK scenario 2 scenario 4

Production cost before adjustments 61.67 ‐151.85

Electricity pump cost  0.58 0.58

Production cost after adjustments 62.25 ‐151.27

Variation % 0.94 0.38  
Table 26: Detail of costs. 
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The production cost has increased (see table 26); the increase in scenario 4 only corresponds 
to 0.38% of the production cost. Thus, the assumption done in the scenarios analyzed is valid. 

7.4 Waste price is the same than the mix of wood chips and peat 

arios this fuel has been chosen as base 

cies of the 
t in the 

. At the same characteristics, Simplex has chosen the boiler 
sing waste. The DH cost has increased in the four scenarios (see table 27). 

 

Waste is free, thus in the four previously analyzed scen
load, and when capacity is available it has been used to meet the whole demand. The price of 
the mixed fuel wood chips and peat is 84.4 SEK/MWh. A new simulation assumes that the 
cost of waste increase until the same level as the mixed fuel. Despite that the assumed 
efficiency of Igelsta P1 (fired by waste) is higher than the assumed efficiency of Igelsta P3 
(peat), the efficiencies of the boilers are the same during season 4 (the efficien
boilers are time dependant). The obtained distribution of the production is the same tha
four previously studied scenarios
u

MSEK DH cost Increase %

scenario 1 76.03 51.82

scenario 2 84.81 46.18

scenario 3 -73.19 47.60

scenario 4 -80.95 47.36  
Table 2  cost. 

ellets are burnt in Fittja 4 with a estimated efficiency of 
89.55%. The cost of wood pellets is also high, 244 SEK/MWhfuel, thus it is used to cover 

petitiveness of the oil boilers in the 

 the efficiencies for 
ach time step. 

The distribution of the production between the three boilers have changed despite that the 
total demand covered by these three boiler is the same that in the base scenario. The fuels are 
not competitive with the other fuels. 
In scenario 1, these boilers are only used during the first 10 time steps. In this period, the 
efficiency of Fittja 3 is higher than the efficiency of Fittja 4, and the efficiency of Fittja 4 is 
higher than the efficiency of Fittja 1.  
 
 
 

7: Comparison of the increase of DH
 

The amount of fuels used, the emissions and the rest of the cost remains constant. 

7.5 Oil price is the same than wood pellets 

Oil is the most expensive fuel. For this reason, it is only used to cover peaks in the heat 
demand. Two boilers use oil, Fittja 1 and Fittja 2, and the estimated efficiencies are 82.4% 
and 91.98% respectively. Wood p

peaks, but it is preferred to oil. In order to analyze the com
production when the oil has a competitive price, the four base scenarios have been simulated 
by assuming that the prices of the two most expensive fuels available for the production of the 
system, oil and wood pellets, become equal.  
The production demand of the three boilers is compared by considering
e
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In figure 56, the demand generated for the boiler is shown per each time step.  
 

 
Figure 56: Demand cover by Fittja boilers. 

 

In case of low demand, only Fittja 3 is running. When Fittja 4 is running, Fittja 3 is running at 
full load. Fittja 1 is operating in step 8, which means that Fittja 4 is running at full capacity.   
In scenario 4, the production that was covered by Fittja 4 in the base scenario is produced by 
Fittja 3 in the new simulation. 
Table 28 shows the fuels used, the emission and the cost of the new situation and the variation 
compared to the previously studied scenarios. 
 

Fuel used Variation Variation oil Variation Pellets Emissions Variation DH cost Variation

TWh % % % Ktons CO2 % MSEK %

-0.22

scenario 2 775.63 -0.03 5908.78 -98.91 123.24 3.79 57.86 -0.27

-100 80.08 0.03 -140 0

scenario 4 875.32 0 100 -100 88.64 0.03 -154 0

scenario 1 700.37 -0.01 2922.06 -97.75 111.38 1.75 49.97

scenario 3 791.68 0 100

 
Table 28: Fuel s production, emission and DH cost. 

 

The variation of fuel cost in scenario 3 and 4 is not significant because the main fuel used is 
waste. 

7.6 Crushed waste price is the same than peat 

Since the introduction of the CHP plant, the heat demand has been covered by the new plant. 
The heat efficiency of the plant is 78.6%. Another driving force for the use of the CHP plant 

ed by peat and has an efficiency of 94.32%. If the price of waste reaches the 

1 fuelled by waste is chosen in third place. The 

uously prioritized. The amount of heat and electricity 
roduction is the same as in the previously studied scenarios. The behavior of the boiler 
llows the same tendency as explained in scenario 1. 

is that the electricity sales which generates a profit. 
Igelsta 2 is fuell
price of peat, the mix of wood chips and peat become the most competitive fuel. 
In scenario 1, Igelsta 3 fuelled by mixed fuel works at maximum capacity, Igelsta 2 fuelled by 
peat is chosen in second place, and Igelsta 
demand of the boilers in Fittja keeps at the same level. The power distribution in scenario 3 
has the same tendency as in scenario 1.  
In scenario 3, the CHP plant is contin
p
fo
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Table 29 shows the variation in the use of fuel.  
 

Oil Variation C waste Variation Peat Variation Wood/peat Variation Pellets Variation DH cost Variation

MWh % GWh % MWh % GWh % MWh % MSEK %

scenario 1 253.40 0 119.18 -61.24 213285.09 41.32 359.38 53.24 7285.95 0 94.74 89.18

scenario 2 278.69 0 127.74 -59.75 239291.39 50.31 389.27 37.99 16920.63 0 106.13 82.92

scenario 3 0 0 673.41 -14.51 223.40 0.70 119.63 3130.45 86.01 0 -3.30 97.64

scenario 4 0 0 738.61 -14.41 491.49 120 137.90 1043.13 109.48 0 -4.27 97.22  
Table 29: Fuels used and DH cost. 

 

Most of the increase is in the use of the mix of wood chips and peat. The amount of oil and 
pellets has not changed. The use of waste has decreased. The amount of emissions and the DH 
production cost have increased in the four scenarios.  

7.7 The electricity sales do not produce inputs 

 

es that no income is generated from the electricity production.  

 variations of fuels used, emissions and the DH 
ost are described in detail in table 30. 

 

Thanks to the income generated by the electricity sales, the production in the CHP plant is 
more profitable than the production of the boiler using the same fuel. To analyze how the
emissions, the fuel used and the cost change when the boiler is competitive with the new 
plant, the new simulation assum
In scenario 3, the production of the CHP plant and Igelsta 1, fuelled by waste has been 
modified. Igelsta 1 is chosen in first place. The
c

C waste Igelsta 1 Variation C waste CHP Variation Total c waste Variation Emissions c waste Variation DH cost

GWhfuel % GWhfuel % GWhfuel % Ktons CO2 % SEK

scenario 3 197.62 -99.83 578.06 -99.91 775.68 -99.90 78.34 -99.90 375262  
Table 30: Plants production. 

 

The amount of waste us fuels remains constant. Since 
more fuel is used, the emissions increase.  The profit of the previously studied scenario has 

7.8 Sulfur tax is included in the fuel price 

reviously studied scenarios the efficiency of 

 the temperature and the characteristics of 

ed has decreased while the use of other 

been converted into a loss. 

The plant has a sulfur separation process. In the p
the separation has been considered to be 100%, so no sulfur tax has been included in the fuel 
prices.  
The efficiency of the separation process depends on
the absorbent. The efficiency of the new sulfur separation plants varies between 2 and 90%. A 
new situation is modeled considering an efficiency of 30%.   
The sulfur tax is applied to peat, the mix of wood chips and peat and oil. 
Sulfur tax for peat:  

30 SEK/Kg*0.5 Kg sulfur/MWhfuel*0.7 = 10.50 SEK/MWhfuel 
 

Sulfur tax for wood chips and peat:  

30 SEK/Kg*0.5 Kg sulfur/MWhfuel*0.7*0.3 = 3.15 SEK/MWhfuel 
Then the fuel prices are (table 31):  



Sensitivity analysis 

77 
 

 
Fuel SEK/MWh Energy tax Sulfur tax CO2 tax Fuel price Total cost

Crushed waste 0
Peat into smaller parts 10.50 188 198.50
Wood chips and peat 3.15 84.40 87.55
Oil 68 7 201.30 284.74 561.04
Wood pellets 244 244  

Table 31: Fuel prices. 
 

The distribution of the production is exactly the same, thus the CO2 emissions and the fuel 
used remains constant. The cost of the DH production has increased in the four new scenarios. 
Figure 57 shows a comparison between the DH cost of the previously studied cases and the 
new cases. 
 

 
Figure 57: Comparison of DH production cost (SEK). 

 

 scenarios 1 and 2 is higher than the percentage 

% and the DH demand remains 

he amount of fuel used has increased by 1.94% and 1.9% respectively. In 
es the most, and in scenario 4 

rushed waste increases the most. Consequently, the CO2 emissions from the fuel used have 

rces of emissions of each 
 studied cases. 

The percentage increase of the profit in the
increase in scenarios 3 and 4 because the higher production capacity of waste has replaced the 
use of other fuels. Waste is not affected by the sulfur tax.  

7.9 Increasing the cooling demand by 20%  

If the production in Astra Zeneca increases, the cooling demand will increase. A new 
simulation considers that the cooling demand increases by 20
constant. The new DH demand is 718.24 GWh/year.  
In scenario 2 and 4, t
scenario 2 the use of the mix of wood chips and peat increas
c
increased.  
Table 32 presents the percentage variation of the different sou
scenario compared to the previously
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           Variations %

scenario 1 scenario 2 scenario 3 scenario 4

Fuel emissions 0 14.5 0 19.3

Emission coal production 0 0 0 1.7

Emissions electricicy compression 20 0 20 0

Total 5 1.75 ‐1.67

7

1.92 1.4  
Table 32: Percentage variation of emissions in each scenario. 

 
The percentage change in fuel emissions has increased more in scenario 4 compared to 
scenario 2 although the total increase is higher in scenario 2. This fact is explained since the 
missions in the base scenario 2 are higher than in the base scenario 4. The percentage of total 

emissions has increased more in scenario 1 compared to the other scenarios. In scenario 4 the 
total emissions have been reduced compared to previously studied scenario; it means that the 
reduction of emissions because replacing the coal power production is higher than the 
increased emissions generated from the increased fuel used. 
The DH costs are compared in table 33 and the percentage increase compared to the 
previously studied scenarios is calculated.  
 

e

MSEK DH cost Increase %

scenario 2 59.80 3.06

scenario 4 ‐156.58 1.89  
Table 33: Increase of DH cost. 

 

The total cost has increased in scenario 2. The profit have increased in scenario 4 because of 
the increase of electricity sales income is higher than the increase of fuel costs.  The 
electricity production has i

nvestment have been calculated for 
the previously studied scenarios. If the investment of the CHP is included in the MODEST 

of 10 years is obtained. The investment cost 

ncreased by 1.77% in scenario 4. 

7.10 CHP investment cost is included in the MODEST model 

The production cost for each year and the pay-back of the i

model, the DH production cost for a period 
included, according to table 7 from the Method section is: 
 

21500*1.015*0.42 = 9165.45 SEK/KWe 
2Then, the total cost is -5.00173*10  MSEK. Compared to the costs used in the previously 

studied scenarios, this cost includes DH production cost and CHP investment cost. Including 
the Emissions Trading cost and the investment cost of the absorption machine, the total cost 
after 10 years is obtained: 
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Total cost = -5.00173*102 + 25.563 + 20 = -4.5461*102 MSEK (i) 
The total cost has been calculated using the results of the optimization without including the 
investment cost of the CHP in the MODEST model, i.e. using the cost of the base study: 
 

MSEK 1 2 3 4 5 6 7 8 9 10

Investment ‐654.05

Production cost 151.85 142.50 133.71 125.42 117.62 110.27 103.34 96.81 90.65 84.84

Total benefit ‐502.21 ‐359.70 ‐226.00 ‐100.57 17.05 127.32 230.66 327.47 418.12 502.97  
Table 34: Total profits for each year. 

In table 34, the investm

e investment cost in the model, the distribution of 
e production has changed but not so much. In this new case the CHP plant covers the 

80.27% of the total production and in the base scenario 4 it was 82.32%.  The use of the 
crushed waste boiler and the mixed fuel boiler has replaced part of the CHP heat production. 
The maximum electricity output is 33.97 MW, which is lower than the maximum capacity. 

7.11 Economical life of 20 years f

oduction of scenario 4 has been 
simulated by considering an economical life of 20 years. 

 

ent includes the cost of and the CHP. The CHP  the absorption chiller 
cost is calculated by eliminating the salvage value, because the economical life of the plant 
(15 years) is longer than the period analyzed in this section (10 years). Then the effective 
CHP cost is calculated according to the in section 3.8.1: 
 

Eff.cost = 21822500 SEK/MW*35.7MW*(1-[(15-10)/15]*(1+0.06)-10) = 634 MSEK. 
 

The production cost of the table is the profit obtained in scenario 4. Starting from year 2, this 
profit of the DH production is decreased by 6%, and the cost of Emissions Trading is 
increased by 6%.   
The total profit in year 10 should be the same as the profit of equation (i). The difference is 
10%. This is due to that when including th
th

or the CHP plant 

The economical life of plants with high electricity capacity reaches 20 years. In order to 
reduce the risk of the financial project or more competition than expected, the economical life 
of the study has been assumed to be 15 years. The DH pr

 
                                  scenario 4

MSEK Economical life 15 Economical life 20 variation %

DH production cost ‐500.17 ‐570.40 14  
Table 35. Comparison of the cost for a period of 10 years. 

 

                                                

The results of the DH production cost for a period of 10 years are compared in table 35.  

 
3 The Emissions Trading cost for 10 years has been calculated assuming that the cost of each year increase by 6% starting 
from year 2. 
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cing 
om the CHP plant. New simulations of scenario 4 have been done in order to analyze the 

effect of the heat and electricity efficiencies of the CHP plant in the DH system cost and in 
the power distribution. In all cases the maximum heat effect is 84 MW. The analysis is 
divided in two cases: 
a) The heat efficiency remains co
When the electricity efficiency decreases, the α-value and the maximum electricity effect 

 electricity efficiencies and the same 
 of fuel 

ncrease necessary for the heat production in the CHP plant compared to the waste boiler. 

The high sales electricity prices explain that despite the heat efficiency of the CHP plant is 
lower than the efficiency of the boiler using waste, the optimal cost is obtained by produ
fr

nstant: 

decrease. The amount of fuel remains constant because the heat efficiency does not change. 
The electricity produced decreases by decreasing the income of the sales. When the electricity 
efficiency reaches values lower than 0.3%, the cost becomes positive (see figure 58), but the 
distribution of the DH production is the same for all the
as scenario 4 studied. It means that the income of the sales is higher than the cost
i

 
Figure 58: DH production cost vs. electricity efficiency. 

b) The heat and electricity efficiencies change: 
If electricity efficiency is 0.2% and the heat efficiency decreases, the α-value and the 

aximum electricity effect increases and the cost decreases. Decreasing the electricity 
efficiency and increasing the heat efficiency, the α-value decreases increasing the cost. 
In case of the heat efficiency is 100%, the waste used in the CHP plant decreases by 158 
TWhfuel. 
As a conclusion, assuming the heat efficiency constant at 78.6%, which is the current value in 
the CHP plant, the total incom  

m

e increases by increasing the electricity efficiency.
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8. DISCUSSION 
 
The results of the optimizations, the conclusions of the Sensitivity Analysis and the literature 
related to the studied system are discussed in this section to obtain a conclusion of the 
analysis.  

The future system, which is represented by scenario 4 is the best option from an economical 
point of view for two reasons: (1) The production cost has become an income and has 
decreased by 353.7% compared to the current system, represented by scenario 1; (2) The pay-
back of the investments is the lowest in scenario 4. The main reason is the high benefit of the 
sales of electricity produced by the CHP plant; it has been concluded in point 6 of the 
Sensitivity Analysis that without the income of the sales the total cost become positive, 
meaning no revenue is obtained. 
From an environmental point of view the increased production capacity by waste thanks to the 
introduction of the CHP plant has been very advantageous. Despite that the use of fuel has 
risen gradually in the 4 scenarios, the amounts of emissions of fuel have been reduced by 19% 
and the cost of the fuel has decreased by 97.83% in the future system compared to the current 
system. Considering the marginal electricity and including the emissions generated in the 
production of the electricity used in the compression chillers, the environmental advantages 
get force; the total emissions have been reduced by 230.5% in scenario 4 compared to 
scenario 1. This means that the price and the lower emissions per MWh produced by waste 
become a profitable option in spite of the lower production efficiency of heat. As described in 
the Sensitivity Analysis, if the price of waste increases, part of the production with the CHP 
plant is replaced by boilers -boilers are not more efficient that CHP plant but they have a 
higher heat efficiency-.  
Assuming a scenario with a CHP plant, the evaluation of the best cooling system is reflected 
by comparing scenario 3 and 4. The total cost both with and without considering the 
investment of each case, is lower in scenario 4. The reason of this fact is that more electricity 
is generated in scenario 4. The increased income of the sales in scenario 4 is higher than the 
increased cost of fuel. A high electricity purchase cost predicted in the open electricity 
market, will improve the advantages of scenario 4. Despite that the emissions from the fuel 
used have increased by 10.7%, the total emissions of the system have decreased by 18.7% for 
two reasons: (1) the emissions from the electricity used in the compression chillers have been 
replaced by the emissions from the heat used in the absorption chillers, what suppose a 
reduction of 3102 tons of CO2; (2) the increase of electricity introduced in the grid reduces 
21781.5 tons of CO2, that would had been generated from a coal condensing plant. 
The most important point is that, if the electricity price increases, the percentage of emissions 
will remain constant, and the advantage of scenario 4. This conclusion has been analyzed in 
the Sensitivity Analysis section using Spanish prices. 
The absorption machines also consume electricity which has not been considered. According 
to the results of the Sensitivity Analysis including this consumption, the production cost only 
increased by 0.38%. Introducing this cost in the comparison with scenario 3, the decreased 
percentage cost is 14.9%, very similar to the value comparing scenarios 3 and 4 of the 
previous studied scenarios. 
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Another advantage of the system
according to the res

 in scenario 4 is that if the cooling demand increases, 
ults of the Sensitivity Analysis, the total income increases.  

 
 

sed to 
e heat necessary in the absorption machines is lower than the cost of the electricity 

 139.81 MSEK. 

Due to the low electricity price in Sweden, the introduction of an absorption cooling system
when the DH system only includes boilers does not reduce the production cost. The low
efficiency of the absorption cooling generation explains that, despite the fuel cost u
produce th
necessary in the compressor machines, the production cost increases. If the electricity cost 
increases by 25.5%, the absorption cooling system becomes competitive with the compression 
cooling system.  
The pay-back perspective for industry investments is usually between 1 and 3 years. When it 
comes to an energy company, the usual economical and technical life of the CHP plants is 
between 15 and 20 years. It means that a pay-back of 4.15 years is a successful result; in the 
fifth year the total income will be
The heat efficiency of the CHP plant is quite low. It can be improved by using the heat from 
the condensation of the exhaust gases. 
The electricity certificate system promoting the generation of electricity with renewable 
resources benefits the production by CHP plants; the electricity price in Sweden is predicted 
to increase to the European level. Thus the future system will be efficient regarding both cost 
and environmental issues. 
 
Discussion concerning capacity of boiler Fittja P1 

The argument given in Method section concerning the unknown maximum capacity of boiler 
in Fittja is validated by the results. The oil boiler P1 runs only in time step 8, when the heat 
demand  is the highest.  In scenario 1 the oil used represents 5.47% of the total oil used in the 
systemand the output capacity of the boiler is 13.14 MW. In scenario 2 the oil used represents 
7.2% of the total oil used in the system and the output capacity of the boiler is 18.72 MW. Oil 
boiler P3 has an average efficiency that is higher than in P1, thus its heat production is higher. 
In order to supply the demand, the capacity of the boiler Fittja P1 needs to be at least 18.72 
MW. This capacity, in comparison to the other boiler used in Söderenergi plant is quite low. 
Thus, the real capacity is assumed to be higher than the calculated value, and thereby enough 
for this study. 
 
Discussion about MODEST 

The simulation in MODEST was done for a period of 10 years, and the cost for 1 one year 
was obtained by using the annuity value. Some simulations were repeated for a period of 1 
year, so the results can be compared to discuss the error rate of MODEST. The results are 
presented in table 36. 
 

MSEK 1 year without r 1 year with r variation % 1 year (annuity) variation %

scenario 4 -153.67 -152.97 -0.46 -153.79 0.53  
Table 36: Comparison of the results with and without r and different periods of time. 
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tion for 1 year 
For a period of 1 year the discount rate value affects the result. Comparing the cost calculated 
with the annuity, which is assumed to be the correct, with the cost of the simula
including r is different. The difference between the correct cost and the cost calculated for 1 
year without r is the lowest; the error rate between these cases is only 0.075%.
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10. APPENDIXES 

0.1 Appendix A: Literature 

. Saving fuel 
uel savings when producing electricity and heat simultaneously with a CHP technology 
ompared to separate production. 

1
 
1
F
c

 
 

Schematic of separate production. 
 

 
 Schematic of simultaneous production.

 
The table shows the amount of fuel used to produce the same amount of heat and electricity in 
a CHP plant with an overall efficiency of 88% and in separate processes, a boiler (90%) and a 
power plant (42%). 
 

CHP Separate elect. Separate heat

Efficiency 0.88 0.42 0.9

Electricity  30 30 ‐

Heat 58 ‐ 58

Fuel 100 71.43 64.44

Total 135.87  
Fuel used for each production case. 

Total energy saving: 26.4%. 
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2. CO2 emissions in the cooling process 

Considering a cooling of 10 MW during 2000h/year in a single-effect cooling system with a 
ng capacity / auxiliary electrical input), a comparison of the 

duction of CO2 emissions is discussed for a cooling process and a CHP plant with different 
th the following characteristics: 

COP= 0.7 and Rel= 50 (cooli
re
type of fuels wi
 

Electricity efficiency 30%
Heat efficiency 58%
Overall efficiency 88%  

Heat, electricity and overall efficiency of the plant. 
 

Combined production:  

The energy flows are shown in the figure. 

 
 Combined production 

* The dimension of the
troduced into the grid. 

 fuel supply must be done with the heat demand; the rest, 7.084 MWelectricity, can be 

otal energy used in the year: 
24.2 MW * 2000h = 48580 MWhfuel 

Emissions associated to the type of fuel: 
 

in
T

FUEL Kg CO2/MWfuel tons CO2/year

Oil (O5)1 273 13262.34

Natural gas2 200 9716

Coal2 300 14574

Biofuel2 0

e1 101 4906.58

Peat 341 16565.78
Mix of wood chips/peat1 382 18557.56

0

Crushed wast
1

 

CO2 emissions 1Source: Söderenergi, 2007. 2 Source: Amiri, 2008. 
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Separated production: 

If the same amount of heat and cooling is produced by a separately, using an oil boiler and a 
coal or gas power plant, CO2 emissions increase. Two systems are analysed. The energy flows 
are shown in the figure. 
 

 
Fuel and energy produced in each plant. 

 

The emissions: 

 

System 1 System 2

PLANT tons CO2/year PLANT tons CO2/year

Oil boiler 8544.9
Gas plant 168

Total 8862.9 Total 8712.9

Oil boiler 8544.9
Coal plant 318

 
                              Emissions from system 1.                                             Emission from system 2. 
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10.2 Appendix B: Method 

 
Cooling demand, cooling capacity and COP of the buildings: 
 
MONTH B  611 B 614 B 653 B 654 B 661 B 681 T 681 M B 869 B 691 TOTAL(KW)

KW KW KW KW KW KW KW KW KW
January 365.96 273.32 450.00 281.20 1256.20 291.37 100.00 197.58 3.85 7
Februar

3219.4
y 313.97 208.19 836.50 0.00 1231.80 270.16 120.00 190.48 3.85 5

March 403.87 239.87 278.80 533.30 1229.10 289.80 130.00 47.04 3.85 4
April 468.42 264.81 645.80 325.00 1254.60 312.85 150.00 302.78 3.85 1
Ma

3174.9
3155.6
3728.1

y 527.89 508.99 209.80 245.20 2028.30 342.61 175.00 498.66 10.40 5
June 432.59 1137.63 129.80 1000.00 3402.80 384.45 260.00 759.72 67.62 2
Jul

1
1

5546.8
8574.6

y 70.65 1608.18 157.40 744.40 4521.00 375.85 375.00 848.12 86.10 0
Au

1 9786.7
gust 74.60 1911.84 576.90 1500.00 4540.60 413.22 340.00 1051.08 76.50 3

Septembe
1 11484.7

r 0.90 877.56 297.70 687.50 2844.90 405.68 172.50 561.11 7.70 6
Octobe

5855.5
r 0.44 392.26 375.00 222.20 1873.00 377.48 140.00 426.08 3.85 1

Novembe
3810.3

r 116.39 221.52 51.30 750.00 1343.80 309.64 110.00 363.89 3.85 9
Decembe

3270.3
r 372.54 185.88 633.00 0.00 1246.60 327.47 99.00 356.18 3.85 2

COP 4.60 4.10 4.96 5.35 3.80 5.30 4.87 2.71 4.47
Pinstalled

3224.5

(KW) 3720 3100 3900 5269 11001 2500 2600 1994.8 318.2  
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Electricity demand in the compression machines: 
 
MONTH B  611

KW
B 614 B 653 B 654 B 661 B 681 T 681 M B 869 B 691 T elect demand
KW KW KW KW KW KW KW KW KW

anuarJ y 79.50 66.61 90.76 52.56 330.60 54.96 20.54 72.93 0.86 769.33
February 68.21 50.74 168.71 0.00
March 87.74 58.46 56.23 99.68

324.17 50.96 24.65 70.31 0.86 758.62
323.46 54.66 26.70 17.37 0.86 725.17

April 101.76 64.54 130.25 60.75 330.17 59.01 30.81 111.76 0.86 889.92
May 114.68 124.05 244.01 45.83 533.79 64.62 35.94 184.07 2.33 1349.33
June 93.98 277.27 227.87 186.91 895.52 72.52 53.40 280.44 15.13 2103.03
July 15.35 391.96 233.44 139.13 1189.80 70.89 77.02 313.07 19.27 2449.92
August 16.21 465.97 318.05 280.36 1194.95 77.94 69.83 387.99 17.12 2828.41
September 0.20 213.88 60.04 128.50 748.69 76.52 35.43 207.12 1.72 1472.12
October 0.10 95.60 75.63 41.53 492.92 71.20 28.75 157.28 0.86 963.88
November 25.29 53.99 10.35 140.18 353.65 58.41 22.59 134.32 0.86 799.64
December 80.93 45.30 127.67 0.00 328.07 61.77 20.33 131.48 0.86 796.42

15905.78
Heat demand in the absorption machines:  
 
MONTH B  611 B 614 B 653 B 654 B 661 B 681 T 681 M B 869 B 691 T heat demand

KW KW KW KW KW KW KW KW KW KW
January 522.79 390.45 642.86 401.71 1794.57 416.24 142.86 282.26 5.50 4599.24
February 448.53 297.42 1195.00 0.00 1759.71 385.94 171.43 272.11 5.50 4535.64
March 576.96 342.67 398.29 761.86 1755.86 414.00 185.71 67.20 5.50 4508.05
April 669.17 378.31 922.57 464.29 1792.29 446.93 214.29 432.54 5.50 5325.87
May 754.13 727.13 1728.29 350.29 2897.57 489.44 250.00 712.37 14.86 7924.08
June 617.98 1625.19 1614.00 1428.57 4861.14 549.22 371.43 1085.32 96.60 12249.45
July 100.93 2297.40 1653.43 1063.43 6458.57 536.93 535.71 1211.60 123.00 13981.01
August 106.57 2731.20 2252.71 2142.86 6486.57 590.31 485.71 1501.54 109.29 16406.76
September 1.29 1253.65 425.29 982.14 4064.14 579.55 246.43 801.59 11.00 8365.08
October 0.63 560.37 535.71 317.43 2675.71 539.26 200.00 608.68 5.50 5443.30
November 166.27 316.45 73.29 1071.43 1919.71 442.35 157.14 519.84 5.50 4671.98
December 532.20 265.54 904.29 0.00 1780.86 467.81 141.43 508.83 5.50 4606.45  
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District heating demand and electricity demand divided in the time steps used in the model: 
 

Heating purposes Cooling purposes scenarios 2, 4 Compression machines
MW(DH demand) MW(DH demand) Total (MW) Electricity demand (MW)

117.52 4.59 122.11 0.77
114.60 4.59 119.19 0.77
119.66 4.59 124.25 0.77
117.85 4.59 122.44 0.77
108.15 4.59 112.74 0.77
209.53 4.59 214.12 0.77
220.02 4.59 224.61 0.77
245.21 4.59 249.80 0.77
198.93 4.59 203.52 0.77
197.17 4.59 201.76 0.77
111.68 4.59 116.27 0.77
107.10 4.59 111.69 0.77
62.32 6.38 68.70 1.11
63.49 6.38 69.87 1.11
58.75 6.38 65.13 1.11
63.32 6.38 69.70 1.11
32.15 12.19 44.34 2.09
34.97 12.19 47.16 2.09
30.34 12.19 42.53 2.09
32.90 12.19 45.09 2.09
22.73 13.98 36.71 2.45
23.50 13.98 37.48 2.45
23.35 13.98 37.33 2.45
23.62 13.98 37.60 2.45  

 
 

10.3 Appendix C: Results 

ctive Price of the fuels: 
 
Effe

Boil

Fuel

Estima

Fuel

Effe

er  Igelsta P1 Igelsta P2 a P3 Fittja P1 Fittja P3 Fittja P4

  c. waste peat w /peat oil oil wood pellets

ted efficiency 90.44 94.32 82.40 91.98 89.55

 price 0 188 554.04 554.04 0

ctive  price 0 199.33 48 672.38 602.38 0

Igelst

ood

89.34

84.40

94.  
Em

Fue

Cru
Pea
Wo
Oil
Wo

issions of the fuels: 

l ton CO2/ KWhfue
shed waste 101
t into smaller parts 341
od chips and peat 114.6

273
od pellets 0

l
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Comparison between the fuel used and fuel capacity in scenario 1. 

MWh Oil C waste Peat Wood/peat Wood Pellets

Used 240.26 307503.17 150922.40 234517.38 7285.95

Capacity 642243.33 317489.13 390325.77 391495.62 515618.65  
 
 
Total CO2 emissions and marginal cost 
 

Ktons CO2 scenario 1 scenario 2 variation % scenario 3 scenario 4 variation %

Fuel emissions 109.47 118.75 80.1 88.61

Emissions coal production - - 224.88 246.66

Emissions electricity compression 11.66 - 11.66

Total 121.13 118.75 -1.96 -133.17 -158.05 -18.69  
 
Pay-back calculations 
 
Scenario 3: 

MSEK year 1 year 2 year 3 year 4 year 5 year 6 year 7 year 8 year 9 year 10

Investment  ‐779.06 ‐ ‐ ‐ ‐

Saving cost 191.42 179.94 169.14 158.99 149.45 140.49 132.06 124.13 116.68 109.68

Total ‐587.64 ‐407.70 ‐238.56 ‐79.57 69.88 210.37 342.42 466.55 583.24 692.92  
Scenario 4: 

MSEK year 1 year 2 year 3 year 4 year 5 year 6 year 7 year 8 year 9 year 10

Investment  ‐799.06 ‐ ‐ ‐ - - - - - -

Saving cost 211.70 199.00 187.06 175.83 165.28 155.37 146.04 137.28 129.05 121.30

Total ‐587.36 ‐388.37 ‐201.31 ‐25.48 139.81 295.17 441.22 578.50 .55 828.85707  
 

10.4 Appendix D: Sensitivity analysis 

. Spanish electricity prices. 

Electricity sale

 
1
 

 

Within the two possible mechanisms to sell the electricity produced, the sale to the 
distribution company is considered4.  
 
 
 

the group a.1.4, referred to cogeneration using waste fuels. Regarding 
e group c.2. TR value is chosen by the size of the 

plant. Because of the maximum power available in the table is 50MW, in order to can include 
the system in the Special Regime, the electricity capacity is assumed to be 35,7MW, which is 
the maximum power available in Södertälje. 
 

                                                

The plant is included in 
to the type of fuel the plant is included in th

 
4 All data used is from B.O.E., R.D. 1164/2001, referred to year 008.  2

Price of sale = TR + reactive complement + efficiency complement
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TR = 397 €/KWh*1000 KWh/MWh*9SEK/€ = 357.06 SEK/MWh 
Reactive complement: 
The power factor is assumed to be 0.96 inductive.  
The time steps used in the model has been classified according to peak, valley and plain 
hours.  

he schedule is: T

Winter time Summer time

Peak hours 18‐22h 9‐13h

Plain hours 8‐18h/22‐24h 8‐9h/13‐24h

Valley hours 0‐8h 0‐8h  
 
Winter time is assumed to be from November to March, and summer time includes the 

onths from May to October. m
Efficiency complement: 

E (MWh) 224881,27

Q(MWh) 673226,48

V(MWh) 529132,4

RefH 72%

33,77%REEi  
 
REEi < REEmin (49%), then, efficiency complement is not included. 
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The electricity sale price per time step: 
Time step Load Benefit % TR (SEK/MWh) Compl.reactiva (SEK/MWh) Total SEK/MWh)

28.24 385.30

peak ‐2 357.06 ‐14.12 342.94
y 4 357.06 28.24 385.30
k ‐2 357.06 ‐14.12 342.94

7 peak ‐2 357.06 ‐14.12 342.94
8 peak ‐2 357.06 ‐14.12 342.94
9 peak ‐2 357.06 ‐14.12 342.94
10 peak ‐2 357.06 ‐14.12 342.94
11 peak ‐2 357.06 ‐14.12 342.94
12 valley 4 357.06 28.24 385.30
13 peak/plain ‐1 357.06 ‐7.06 350.00
14 valley 4 357.06 28.24 385.30

357.06 ‐7.06 350.00
4 357.06 28.24 385.30
‐1 357.06 ‐7.06 350.00

20 valley 4 357.06 28.24 385.30
21 peak/plain ‐1 357.06 ‐7.06 350.00
22 valley 4 357.06 28.24 385.30
23 peak/plain ‐1 357.06 ‐7.06 350.00
24 valley 4 357.06 28.24 385.30

1 valley 4 357.06
2 valley 4 357.06 28.24 385.30
3 peak 0 357.06 0.00 357.06
4
5 valle
6 pea

15 peak/plain ‐1 357.06 ‐7.06 350.00
16 valley 4 357.06 28.24 385.30
17 peak/plain ‐1
18 valley
19 peak/plain

 
 
 
Electricity purchase 

ome assumptions have done to estimate the purchase price5: 
- High voltage, 36<V<72.5KV; long use. So, charge 3.2. 
- A maximum meter is not available in the system, then, the power invoiced is the 

contracted power. 
- The meter has capacity to registered two charges, peak hours and valley an plain hours 

(together). Then, the system is included in type 2, according to (O:M, 12/01/1995). 
- The contracted power is assumed to be 3.1 MW. This value has been approximated by 

the maximum electricity consumption; 2.45 MW in the fourth season. 
- Power factor 0.95. Then, Kr = 0. 

p = 12.36 €/KWh*1000 KW/MW*9SEK/€ = 111022.24 SEK/MW. 
h*1000 KWh/MWh*9SEK/€ = 532.42 SEK/MWh. 

DH: 

                                              

 
 
 
 
S

T
Te = 0.059 €/KW
C
 
 
 
 

   
ata used to calculate electricity pruchase price if from B:O:E: Orden ITC/3860/2007. 5 All d

 Total rate = [Tp (€/KW*month) + Te (€/KWh) + CDH + CER]*K 

 CDH (€) = Tej Σ Ei (KWh)*Ci/100
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In type 2 it is applied a surcharge of 40% in the consumption during peak hours.  
 

Winter time Summer time

Peak hours 9‐13h 10‐14h  
 
Tej (charge 2.2) = 0.07*€/KWh*1000 KWh/MWh*9SEK/€ = 636.36 SEK/MWh. 
Ei : energy consumption per time step. 

Time step Days CDH (SEK) Te (SEK)
1 105 0 43037.21
2 105 0 43037.21
3 105 164605.62 344297.70
4 105 0 258223.27
5 105 0 344297.70
6 1 0 409.88
7 1 0 409.88
8 1 0 409.88
9 1 0 409.88
10 1 0 409.88
11 46 36056.47 301670.36
12 46 0 150835.18
13 62 69985.35 585540.01
14 62 0 292770.01
15 29 32735.08 273881.62
16 29 0 136940.81
17 65 138557.45 1159255.96
18 65 0 579627.98
19 27 57554.63 481537.09
20 27 0 240768.54
21 22 54878.15 459144.02
22 22 0 229572.01
23 16 22450.15 187831.64
24 9 0 93915.82

233.53576822.92 6208  

 

 
Total rate = [111022.24*3.1 + 6208233.53 + 576822.92]* 1.2193 = 8692664.523 SEK. 
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2. Electricity prices calculated using rates of 2007. 
Purchase prices: 

SEK/MWh    
Time step Base price Energy tax Electricity Certif. Quota*Electricity Certificate Total cost

1 188 265 208.00 31.41 484.41
2 188 265 208.00 31.41 484.41

4.41
.41

208.00 31.41 484.41
6 188 265 208.00 31.41 484.41
7 188 265 208.00 31.41 484.41
8 188 265 208.00 31.41 484.41
9 188 265 208.00 31.41 484.41
10 188 265 208.00 31.41 484.41
11 132 265 208.00 31.41 428.41
12 132 265 208.00 31.41 428.41
13 765.96 265 208.00 31.41 1062.37
14 765.96 265 208.00 31.41 1062.37
15 396.92 265 208.00 31.41 693.33
16 396.92 265 208.00 31.41 693.33
17 244 265 208.00 31.41 540.41
18 244 265 208.00 31.41 540.41
19 188 265 208.00 31.41 484.41
20 188 265 208.00 31.41 484.41
21 188 265 208.00 31.41 484.41
22 188 265 208.00 31.41 484.41
23 0 265 208.00 31.41 296.41
24 0 265 208.00 31.41 296.41

3 188 265 208.00 31.41 48
208.00 31.41 4844 188 265

5 188 265

 
 

Sale prices: 

SEK/MWh    
Time step Base price Electricity certificate Total cost

1 188 208 39
2 188 208 396

5 188 208 396
6 188 208 396
7 188 208 396
8 188 208 396
9 188 208 396
10 188 208 396
11 132 208 340
12 132 208 340
13 765.96 208 973.96
14 765.96 208 973.96
15 396.92 208 604.92
16 396.92 208 604.92
17 244 208 452
18 244 208 452
19 188 208 396
20 188 208 396
21 188 208 396
22 188 208 396
23 0 208 208
24 0 208 208

6

3 188 208 396
4 188 208 396
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3. Electricity used in the absorption machines. 

REL parameter, that is the ratio between the cooling effect and the auxiliary electricity input, 
is assumed to be 50.  The total electricity consumption per time step is in the table: 
 

Hours Elect demand MWh Total cost
105 6.75 3402.10
105 6.75 3402.10
840 53.98 27216.83
630 40.48 20412.62
840 53.98 27216.83
1 0.06 32.40
1 0.06 32.40
1 0.06 32.40
1 0.06 32.40
1 0.06 32.40

736 47.30 21210.07
368 23.65 10605.04
992 88.61 96768.42
496 44.30 48384.21
464 41.44 29960.30
232 20.72 14980.15
1040 177.49 101775.70
520 88.74 50887.85
432 73.73 38134.60
216 36.86 19067.30
352 68.89 35583.17
176 34.45 17791.59
144 28.18 9255.14
72 14.09 4627.57  

 
4. Incrasing the cooling demand by 20%. 

The amount of fuels has increased in scenario 2 and 4: 

                       scenario 2                                scenario 4

MWh basic demand increased demand basic demand increased demand

Oil 278.69 283.64 0 0

C waste 317395.72 317395.72 862927.18 877658.42

Peat 159197.35 160393.10 223.40 223.40

Wood/peat 282106.73 293606.33 12063.28 14041.79

Pellets 16920.63 19300.70 109.48 114.38  
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. The efficiency of the CHP plant change. 5
 

Heat efficiency Electricity efficiency α‐value Max electricity effect Total cost

0.2 0.002 0.01000 0.84 ‐2557065

0.5 0.002 0.00400 0.336 ‐370706

0.9 0.002 0.00222 0.18666 261744

0.9 0.0002 0.00022 0.01866 875873

1 0.0002 0.00020 0.0168 1014043

1 0.00002 0.00002 0.00168 1079637  
 
 

 
Electricity efficiency α‐value Total cost

0.15 0.1908 ‐68479586.96

0.06 0.076339 ‐26728209.92

0.01 0.012723 ‐3572486

0.005 0.00636 ‐1235007

0.003 0.0038169 ‐292941

0.002 0.0025446 139380

0.0015 0.001908 402839

0.001 0.001272 608840

0.0005 0.00063616 851118

1025545

1067214

0.000001 0.000001272 1071382

0.0001 0.000127232

0.00001 0.0000127
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