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Abstract

Optimization and energy efficiency measures in
modified combined heat and power plant processes

Emma Wiesner

The EU energy efficiency directive is driving the EU member states to 
set ambitious goals to increase energy efficiency. Mälarenergi AB is 
one of the Swedish energy companies, affected by the directive, that 
have taken an active role in order to increase efficiency within 
their energy production. This study was initiated to perform energy 
analysis and find energy optimization measures in the systems 
attached to one of Mälarenergi’s CHP-units, called P5.

The operating conditions of the bio fueled combined heat and power 
plant, P5, recently changed when the connected boiler, P4, was 
decided to be shut down. The two boilers shared turbine, steam, feed 
water, condensate and oil systems, and the operating conditions of 
these systems changed radically when the mass flow decreased as P4 
was shut down. The changed operating conditions affects the 
efficiency and the performance of the plant. The changed mass flow 
affects the capacity demands, efficiency in components and the 
technical conditions of the plant.

The general approach through this thesis and the used methodology is 
based on initial analysis of the system changes, review of the 
necessary functions in the system and identification of the 
differences between the needed functions and the existing system. 
Optimization potential were identified where there were large 
differences and as a final step, technical and economic feasibility 
of implementing identified optimization measures was analyzed.  

The results shows that feasible optimization potential is identified 
in removing pumps without adjustable speed drives from the system, 
installing adjustable speed drives to the warm condensate pumps, 
replacing the dilution water pumps and detaching the atomization 
steam tank for P4. The economic feasibility to invest in a new direct 
heater, better adjusted to the operating conditions of P5, is small 
but could be an option to Mälarenergi if the alternative production 
cost remains high. Without the already installed adjustable speed 
drives in Mälarenergi’s plant the efficiency of the operations would 
be much lower than what it is today and the optimization potential 
essentially larger. The efficiency potential in the plant increases 
further when the attached turbine, G4, is to be dismantled and the 
operating conditions changes again. More extensive simplifications 
and rearrangements of the system can be made to decrease the energy 
demand for operations with 745 MWh/year. 
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Populärvetenskaplig sammanfattning  

EU:s energieffektiviserings direktiv ställer hårda krav på företag i medlemsländerna att 
kartlägga och analysera energiförbrukning för att identifiera åtgärder för att öka effektivitet. 
Utöver detta så har Sverige ambitiösa mål om ökad energieffektivitet i samtliga sektorer. Att 
effektivisera energiproduktionsanläggningar för att hitta effektiviseringspotential är därför 
aktuellt för svenska energiproducenter.  
 
Mälarenergi är ett av de energiföretag som arbetar aktivt med att kartlägga och minska sin 
energiförbrukning. Studien har därför genomförts för att granska panna 5 i Västerås 
kraftvärmeverk, för att undersöka hur energieffektiviseringsåtgärder kan identifieras i 
kraftvärmeprocesser där driftförutsättningar och processer har förändrats. Panna 5 har flertalet 
gemensamma processer med en äldre panna i anläggningen, panna 4, vars drift har upphört och 
pannan ska läggas ner. Driftförhållandena i de tidigare gemensamma systemen för kondensat, 
matarvatten, kylning och olja har därför förändrats och massflöden i systemen minskat kraftigt. 
De förändrade förhållandena och massflödena påverkar kapacitetsbehovet i systemen, 
effektiviteten i flertalet komponenter samt de tekniska kraven som ställs på panna 5.  
 
Den största förändringen i systemet är de minskade massflödena. Flödet i kondensatsystemet 
har minskat från ca 100 kg/s till 45 kg/s. Samma förändring i matarvattensystemet då panna 4 
kopplas bort, är från 160 kg/s till 50 kg/s.  Studien visar att det finns 
energieffektiviseringspotential i att byta ut pumpar vars pumpdrift har påverkats kraftigt, 
upphöra med drift av pumpar utan frekvensstyrning, installera frekvensstyrning på pumpar där 
flöden varierar samt förenkla och ta bort överflödiga processer som inte nyttjas vid de nya 
förhållandena. Processerna kan också optimeras genom att investera i en ny direktvärmare 
bättre lämpad för panna 5, dock är lönsamhetskalkylen för denna svag och ytterligare 
bedömning krävs. Resultatet visar även att då turbinen till panna 5 är uttjänt och nedmonteras 
så kan processerna kring panna 5 förenklas ytterligare och optimeras så pass att 745 MWh el för 
drift av pannan kan sparas varje år. 
 
Generellt kan det konstaterats att även förvärmare, matarvattentank och värmeväxlare är 
överdimensionerade när flödet i systemet minskar, kostnads-och energibesparingen för att byta 
ut dessa komponenter är dock negativa, eftersom komponenterna själva inte förbrukar någon 
energi. Att ha för stora kapaciteter i värmeväxlare bör snarare ses som en möjlighet, att 
kartlägga kapacitetsbehovet underlättar dock underhållsplanering i systemet.  
 
Den generella metoden som användes i studien bygger på modellen att först kartlägga de 
genomförda förändringarna i systemen, fastställa funktionskraven i det nya systemet och 
därefter analyserna skillnaderna mellan de fastställda funktionskraven och den befintliga 
tekniken. Optimeringspotential kan därefter identifieras där dessa två skiljer sig till stor del. 
Därefter utvärderas optimeringsåtgärden genom kvantitativ analys och investeringskalkylering.  
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Exekutiv sammanfattning 

Den största förändringen i processerna för panna 5 då panna 4 avvecklas är det minskade 
massflödet av kondensat och matarvatten, som minskar från ca 100-160 kg/s till 40-50kg/s. De 
förändrade driftförhållandena påverkar kapacitetsbehovet i systemen, effektiviteten i flertalet 
komponenter samt de tekniska kraven som ställs på panna 5. De främsta energieffektiviserings- 
och optimeringsåtgärderna som har identifierats för panna 5 med anledning av detta är följande: 

- Avställning av MP41, MP43, HKP43 samt en av VKP-pumparna.  
- Installera frekvensstyrning på VKP-pumparna.  
- Byta ut en av SVKP-pumparna till mindre modell 
- Byta ut en av SPKP-pumparna till mindre modell 
- Tryckhållningen av OAT4 kan upphöra och tanken bör friläggas, ny ventil krävs 
- Eventuellt investera i ny direktvärmare för P5 
- Leda om kretsen för direktvärme då G4 tas ur drift, för att minska driftens energibehov 

med ca 745 MWh/år 
- Leda om kretsen för spädvatten då G4 tas ur drift 

 
En investering i att ersätta matarvattenpump MP42 med en ny pump, är först lönsamt då antalet 
drifttimmar på den nya pumpen överstiger 1500h. Denna investering rekommenderas därför 
inte. Inte heller att ersätta HKP-pumparna med mindre modeller anses ekonomiskt lönsamt 
enligt kalkylen.  
 
Generellt kan konstaterats att även förvärmare, matarvattentank och värmeväxlare är 
överdimensionerade när flödet i systemet minskar, kostnads- och energibesparingen för att byta 
ut dessa komponenter är dock negativa, eftersom komponenterna själva inte förbrukar någon 
energi. Att ha för stora kapaciteter för värmeväxling bör snarare ses som en möjlighet, att 
kartlägga kapacitetsbehovet underlättar dock underhållsplanering i systemet.  
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List of acronyms  

The Swedish abbreviations provided by Mälarenergi are the names of each component in the plant, 
used in internal documentation etc. These terms will be used in this thesis when referring to the 
specific components in the plant.  
 

ABBREVIATION SWEDISH ENGLISH 
ACKV Hetvattenackumulator Hot water accumulator 
B Block System (boiler + generator+ 

connected systems) 
BOP  
 

Brännoljepump Oil pump 

DV Direktvärmare Direct heater 
ECO Ekonomiser Economizer 
EED Energieffektiviseringsdirektivet Energy Efficiency Directive 
FP Framledningspump District heating pump 
FV Förvärmare Pre heater 
G4 Generator 4 Generator 4 
HJP Hjälppanna Help steam boiler 
HT Högtycksturbin High pressure turbine 
HKP Högtryckskondensatpump High pressure condensate pump 
HTFV Högtrycksförvärmare High pressure feed water pre 

heater  
KC Kondensatcistern Condensate cistern 
KKP Kallkondenspump Cold condensate pump 
LK Läckagekondensor Leakage condenser 
LT Lågtryckturbin Low pressure turbine 
LTFV Lågtrycksförvärmare Low pressure feed water pre 

heater  
LUFÖ Luftförvärmare Air pre heater 
MAVA Matarvatten Feed water 
MP Matarvattenpump Feed water pump 
MT Mellantrycksturbin Middle pressure turbine 
MÖH Mellanöverhettare Middle pressure super heater 
OAT Oljeatomiseringtank Atomization steam tank 
OFV Oljeförvärmare Oil pre heater 
UK Underkylare Cooler 
VKP Varmkondensatpump Warm condensate pump 
VUP Vakumpump Vacuum pump 
P4 Panna 4 Boiler 4 
P5 Panna 5 Boiler 5 
SP Sparbössan Water tank 
SPKP Spädvattenkondensatpump Dilution water pump 
SVKP Spädvattenkondensatpump Dilution water pump 
TSP Tryckstegringspump Pressure rise pump 
ÅP Återeledningspump Return district heating pump 
ÖH Överhettare Super heater 
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Definition of terms  
The system The integrated system between P4, P5 and G4 
KVV The nickname of the entire Mälarenergi facility for 

CHP-production in Västerås.   
The plant  Is referring to KVV 
Condensate The circulation water after the condensers before 

reaching the feed water tank. 
Feed water The circulating water distributed to the boiler by 

the feed water tank. 
Redundancy Back-up device if the main component in the 

system fails. For example spare pump.  
Solvo The Fortum calculation program for mass balances, 

Solvo 5.1 ®  
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 Introduction 

A large share of the total energy consumption in the European Union (EU) is in the industry and 
energy producing sector. The EU Energy efficiency directive, EED, is setting an ambitious 
framework to achieve energy efficiency and improve the energy performance within the 
member states. Moreover, the Swedish government has set national targets for energy efficiency, 
which increases the pressure in Swedish industry to become more energy efficient. Mälarenergi 
AB is one of the companies, taking an active position in becoming more energy efficient and 
increase performance within their production units. Mälarenergi is providing electricity, district 
heating & cooling, water treatment, sewage treatment and communications solutions in the 
region of Mälardalen in Sweden.  
 
Heat provided in the district heating system is produced in Mälarenergi’s combined heat & 
power plants (CHP) in Västerås. The entire facility hosting the CHP’s is called KVV, the largest 
CHP facility in Sweden. KVV and was constructed year 1963 but since then the plant has been 
extended and rebuilt several times. In 2017 there were 6 boilers and 5 steam turbines in the 
facility, providing the city of Västerås and surrounding areas with heat and power. (Mälarenergi 
AB, 2017) 
 
Two of the boilers (P4 and P5) in KVV are constructed in the same systems and shares turbine 
and the systems for feed water, steam, cooling, condensate, oil and some of the electrical 
components. P4 is older than P5 and in 2017 the decision was made to quit operations of P4 due 
to age and maintenance needs. This affects P5 since mass flow and operating conditions in the 
previously shared systems change. The systems are therefore not optimized and adjusted to the 
operating conditions when P4 is not in use and no energy flow analysis has been performed. 
Finding measures to optimize the operations will contribute to make the plant more energy 
efficient and help Mälarenergi reaching the demands of the EU energy efficiency directive (EED). 
(Allmyr, 2017). 

1.1 Aim 
The aim is to present energy optimizing measures to increase efficiency in the systems 
connected to P5 in Mälarenergi’s plant KVV in Västerås. This will be done by preforming energy 
analyses in the systems previously shared between P4 and P5 to identify what functions might 
be over or under dimensioned after P4 is disconnected. The long-term goal is to increase the 
efficiency and decrease the energy demand in the plant, without affecting operations or 
performance. The identified measures should be evaluated by energy performance, technical 
conditions and economic feasibility. This case study will also discuss methods to find a general 
approach on energy efficiency in systems with changed operating conditions. 
 
The aim will be fulfilled by answering the following research questions: 

- What are the necessary functions of boiler 5 and how would the systems attached to 
boiler 5 be dimensioned based on the operating conditions of 2017? 

- Is there potential to optimize the condensate and feed water system for boiler 5 by 
rearranging the systems or by replacing heat exchangers and pumps? 

- Is there potential optimizing the dilution water or oil system attached to boiler 5? 
- Is there potential optimizing the direct heating system for boiler 5 by investing in a new 

direct heater or by rearrange the direct heating circuit after G4 is removed? 
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1.2 Limitations 
Areas to be examined in this study are motivated in Table 1. 
 
Table 1. Limitations and overview of the audited components in the system. 
Shared systems P4 & P5 Further action Motivation 
Condensate system Included in study Dimensions of pumps, high pressure pre-heaters, 

leakage condenser LK4 
Steam Included partially 

in study 
Steam system for turbine is already examined during 
‘G4 reborn’ and will not be included in the study. 
Direct heater to P5 included in the study.  

Feed water system Included in study Dimensions of feed water pumps and heat exchangers 
in the feed water system.  

Oil system Included in study Pressure in tanks, pre-heating, circulation pumps etc.  
District heating system Not included in 

study 
Pumps already examined and optimized with 
adjustable speed drives.  

Turbine Not included in 
study 

Already examined during project ‘G4 reborn’, the 
steam system has been adjusted for P5-only. 

Help steam Not included in 
study 

Study already conducted.  

Electrical components Case for further 
examination 

Several components need maintenance. A deeper 
study of the electrical components in the plant, 
condition and status needs to be conducted. 

Cooling water system Case for further 
examination 

The cooling systems are integrated in the entire plant. 
Separate study is needed.  
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 Background 

The background sets the framework of which the thermodynamic calculations are performed and 
calculation methods for components in CHP-plants. This section gives an introduction to energy 
efficiency measures in industries and presents the current conditions and production units in the 
Mälarenergi KVV-plant in Västerås.  

2.1 The energy efficiency directive 
The industrial sector in Sweden is the source of about 80% of Sweden’s total emissions of 
greenhouse gases. In the EU 40% of the emissions are from the energy intensive industries 
(Xylia, Silveria, & Morfledt, 2017). The energy efficiency potential in the energy industry is also 
stated to be large and studies estimate that the energy efficiency potential in the Swedish energy 
intensive industry is about 80% of Sweden’s total energy efficiency potential (Fraunhofer, 
2009). The Royal Swedish Academy also states that the energy efficiency can increase with 50% 
in the energy intense industry. As a first initiative in Sweden, a program for energy efficiency 
within industries was active in Sweden 2004-2014 in order to increase awareness of energy 
usage in industry processes (Xylia, Silveria, & Morfledt, 2017). 
 
Year 2012 the EU established the Energy Efficiency Directive (EED) combining binding measures 
and European legislative to increase energy efficiency within the member states. The directive 
includes several measures relating to companies and energy intensive industry, one of them is 
article 8 in the directive, stating that large companies in Europe must performed energy audits 
in order to identify their energy usage and take measures in order to increase the efficiency 
(Official Journal of the European Union, 2012). This legislation is implemented in Sweden since 1 
June 2014 and all large companies included in the directive must perform energy audits and 
analyze their energy consumption every fourth year (Energimyndigheten, 2017). Mälarenergi 
AB is included in the definition as a large company and are therefore affected by the directive 
and the article 8.  

2.2 Energy efficiency measures in industrial systems 
Energy efficiency does not only lower the energy consumption in industry processes, it can also 
be measures to lower cost, minimizing maintenance needs and avoiding risks. Cost efficiency 
and maintained quality should be guiding for energy efficiency measures in energy intensive 
industry. There are many possible ways to increase the efficiency and reduce energy use in old 
plants, facilities and production units (Neelis, Worrell, & Masanet, 2008). 
 
There is often a large energy efficiency potential in optimizing pumps. Pumps older than 20 
years often have a relatively large efficiency drop but also the operations parameters and how 
the pumps are used effect the efficiency. It is common that the operations of the pump have 
changed, and efficiency is lost due to the new operations parameters and components are not 
adjusted. Replacing pumps with smaller pumps better adjusted to the new operations data, can 
therefore increase the efficiency and save money (Neelis, Worrell, & Masanet, 2008). 
 
Increasing pump efficiency can be done by reducing friction losses, adjusting the system to a 
more efficient operating point, surface coating, impeller trimming, avoiding throttling valves, 
adjusting dimension of pipes or installing adjustable speed drives. Using pumps correctly sized 
for the systems need will increase the efficiency and the optimal operating point. For pumps the 
operation costs are often much higher than the initial investment cost. The investment is in 
average 2.5,% of the total cost for the pump, in a 20 year period (Neelis, Worrell, & Masanet, 
2008). 
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Energy demand can also be decreased by lowering flows, static pressures, minimize elevation 
rise and lowering velocity. Other measures are proper insulation, minimizing leakages, efficient 
cooling and dimensions of pipe systems, see Table 2 (Neelis, Worrell, & Masanet, 2008). 
 

Table 2. Examples of energy efficiency measures in industries (Neelis, Worrell, & Masanet, 2008) 
Steam Distribution Systems  Improved distribution system insulation  
and Steam End Use Insulation maintenance  
 Leak repair  
 Leakage steam energy recovery  
Motors Systems Properly sized motors  
 High efficiency motors  
 Improve power factor  
 Adjustable-speed drives  
 Variable voltage controls  
Pumps Pump demand reduction  
 High-efficiency pumps  
 Properly sized pumps  
 Multiple pumps for variable loads  
 Impeller trimming 
 Avoiding throttling valves  
 Proper pipe sizing  
 Adjustable-speed drives  
Fans and blowers Properly sized fans  
 Adjustable speed drives  
 Improved controls  
 High efficiency belts  
Compressors and  System improvements (pressure reduction)  
compressed air systems Leakage reduction  
 Reducing the inlet air temperature  
 Properly size piping  
 Heat recovery  
 Adjustable speed drives  
 High efficiency motors  

2.3 Technical components in CHP-plants 
This section will present some of the technical components found in CHP-processes and the 

theoretical representation behind.  

2.3.1 Feed water heaters & heat exchangers 
Heat exchangers are used for feed water heating in order to make the processes more efficient. 
The average heat-addition temperature depends on the temperature of the feed water entering 
the boiler, if the feed water is pre-heated before entering the boiler the average temperature is 
higher and the cycle becomes more efficient. Therefore steam is drained from the turbine at 
various stages in order to heat up the feed water, in heat exchangers. The heat exchangers can 
either be closed or open feed water heaters. Open feed water heaters can be described as open 
mixing chambers where the outgoing water ideally is saturated water. In closed feed water 
heaters stream is not mixed and the heat transfer takes place in a heat exchanger (Cengel & 
Boles, 2011). 
 
Heat exchangers are used to transfer heat from one moving fluid to another. The medias are 
separated by a material with area, A, and heat transfer coefficient, k. The transferred heat, per 
time unit is then expressed by Equation (1) where tw-tc is the temperature difference between 
the medias  (Alvarez, 2006). 
 

𝑃 = 𝐴 ∗ 𝑘 ∗ (𝑡𝑤 − 𝑡𝑐) [𝑊] (1) 
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In an ideal heat exchanger when losses to the surroundings can be ignored, the transferred heat 
between the medias are the same as the transferred heat from the warmer media or the gained 
heat in the colder media, see Equation (2) and (3) where cw and cc are the specific heat capacity 
for the warmer or colder media  (Alvarez, 2006). 

𝑃 = �̇�𝑤 ∗ 𝑐𝑤 ∗ (𝑡𝑤,1 − 𝑡𝑤,2) [𝑊] (2) 

 

𝑃 = �̇�𝑐 ∗ 𝑐𝑐 ∗ (𝑡𝑐,1 − 𝑡𝑐,2) [𝑊] (3) 

2.3.2 Direct heaters 
When the heat demand is large in the district heating system or when there is something wrong 
with the turbine or generator, a direct heater is used to produce heat only. A direct heater is 
attached to the boiler, bypassing the turbine after the middle pressure super heaters, in order to 
extract heat from the steam directly to the district heating system. The direct heater can be 
explained as a large heat exchanger operating at a high pressure after the boiler. After the high 
pressure super heaters, the steam is lead through a reduction valve, to decrease the pressure to 
the same level as the high pressure turbine would have, in to the middle super heaters.  

2.3.3 Pumps 
The flow, Q, given by a centrifugal pump at a constant rotational speed, n, depends on the system 
head, H. The system head describes the physical properties of the system attached to the pump 
and how much energy the system needs depending on pressures, height and mass flow. It can be 
described as the work required by the pump, expressed in height/meters, see Equation (4), 
where Hgeo is the static elevation which is the geological height, d is the density expressed as 
kg/dm3 and Hl are the pipe losses. The system head can be divided into the static elevation and 
the variated head (KSB Mörck AB, 2017). 
 

𝐻 = 𝐻𝑔𝑒𝑜 +
𝑝2 − 𝑝1

𝑑 ∗ 𝑔
+

𝑣2
2 − 𝑣1

2

2𝑔
∗ ∑ 𝐻𝑙  [𝑚] 

 
(4) 

 

The system head for a pipe system and the flow, and is described as a function, called the system 
curve, which is specific for each pipe system. How much work the pump delivers for each Q & H 
is described as the pump curve, determined by the pump supplier and specific for each pump 
model. Centrifugal pumps are self-regulating and at a fixed rotation speed the pump delivers 
work depending on the mass flow Q, and H according to the specific pump curve for that pump, 
see Figure 1. The operating point is where the system curve and pump curve crosses, the pump 
is performing at the operating point according to the self-regulation (KSB Mörck AB, 2017). 

 
Figure 1. Operating point for a general pump according to system curve and pump curve. 

 
The operating conditions and mass flow for a pump can be changed in three ways, rotational 
speed, n, pump wheel diameter, D, or by using throttling to the change the characteristics of the 
system and by that changing the system curve and the system head, H. When using a vault to 
throttle, the mass flow to the pump, the system head is changing and less work is needed by the 
pump and the system curve is changing, see case a) in Figure 2. Changed mass flow can also be 
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achieved by using variable speed drives to control and varying the rotational speed of the pump. 
Adjustable speed drives are drive systems, adjusting the input voltage and current in order to 
control the power input to the pump, and thereby the rotational speed. Changing the rotational 
speed n, of the pump, adjusts the pump curve to increase or decrease the mass flow according to 
the affinity laws in Equation (5), see case b) in Figure 2 (KSB Mörck AB, 2017). 
 

 
Figure 2. Pump curves for changed operating conditions by using a) throttling b) changed rotation speed. 
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The input power to the centrifugal pump depends on the flow, Q, and the system head, H, in the 
operating point, expressed in Equation (8) (Alvarez, 2006).  This means that the efficiency of the 
pump depends on the mass flow and system head. When operating conditions are changed and 
throttling is used to change the system curve, efficiency in the operation is lost, since more 
energy is used to deliver more head than needed. When the rotational speed is changed to 
decrease mass flow, efficiency can be obtained since the regulation of the system head is relative 
to the change of rotational speed, Equation (5). The efficiency after the speed regulation is 
deducted in Equation (6)  (Sárbu & Borza, 1998). This however, is only true for relatively small 
changes in the operations. To decide the new pump efficiency for speed adjusted pumps, where 
the speed is adjusted with more than 50% of the full speed, a new method is proposed, Equation 
(7) and 𝜚 is the density expressed as kg/dm3, g is the gravity constant, Q is the mass flow in kg/s 
and 𝜂 is the efficiency of the pump as 0-1  (Coelho & Andrade-Campos, 2016). 
 

𝑃 =
𝜚𝑔𝑄𝐻

1000𝜂
[𝑘𝑊] 

 
(8) 

  

The power input to the pump is not only depending on the pump efficiency. The motor efficiency 
and the transmission to the pump are factors affecting the power input to the pump. If the pump 
has adjustable speed drive and frequency control, the efficiency of the frequency controller is 
also affecting the total efficiency of the pump. How the input power is used in the pump, is 
illustrated in Figure 3. This work will focus on how the pump efficiency, Ƞp is affected by the 
changed operating conditions since those factors are the most different parameters. The motor 
efficiency, Ƞm, is set to 90% and an assumption that the losses caused by the transmission 
efficiency of the frequency control, Ƞt is insignificant. The input power to the pump is calculated 
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according to Equation (9) where I and U are measured values of current and voltage in one 
phase of the pump motor. 

 
Figure 3. Illustration of efficiency in pump 

 

𝑃 = 𝐼 ∗ 𝑈 ∗ √3 (9) 

2.3.4 Oil systems 
Oil is often used as fuel in bio fueled boilers when there is a demand for fuels with high heating 
values, for example during start/stop or when there are combustion difficulties or a large 
temperature drop in the boiler. Fuel oil is preheated to decrease the temperature rise needed to 
reach combustion temperature. Pumps are used to distribute the oil to the burners and reach oil 
pressure between 2-35 bar depending on desired mass flow (Alvarez, 2006). Pumps and 
preheaters are used to keep the oil heated and ready to be injected at any time in case of 
operating errors and in circulation during the time when oil is not used in order to avoid 
clogging in the pipes. The circulation is especially necessary when the oil in the system is pine oil 
pitch since the biological components in the oil makes it extra sensitive to clogging. Smaller 
circulation pumps are often used for this cause (Kvarström, 2009). 
 
In order to reach efficient combustion of the oil particles in the boiler, the fuel oil is preheated 
but also divided into particles by adding atomization steam when the oil is injected into the 
boiler. The atomization steam is steam with pressure 1-2.5 bar above the oil pressure to 
separate the oil particles in the burners, to get a more even injection into the boiler.  By dividing 
the oil particles the combustion air can easier be mixed with the oil and the combustions is more 
efficient and even (Alvarez, 2006). For boiler 4 the atomization steam is distributed from OAT4 
with steam pressure 10 bar and for boiler 5 the atomization steam is taken directly from the 
help steam system.  

2.3.5 Dilution water 
CHP-processes are normally closed loop systems where the fluid is circulated in the system. 
However, due to leakages and drains in the system, there is a need for adding water into the 
process, to keep the mass flow constant and make sure there is no shortage of feed water. 
Dilution water, is cleaned deionized water, added into the process, regulated by measured level 
data in the feed water tank. (Morberg, 2017)  

2.4 The Mälarenergi KVV plant 
Mälarenergi’s production of heat is mainly produced in combined heat and power plants in KVV, 
in Västerås. KVV is refering to the entire facility for heat and power production attached to the 
eastern harbor in Västerås, containing 6 production units, see Table 3  (Mälarenergi AB, 2015). 
 
Table 3. The production units at Mälarenergi KVV in Västerås 2017 (Mälarenergi AB, 2015) (Allmyr, 2017) 

Name of 
prod. unit 

Description Power 
output 

Block 1 & 2 CHP-plants. The oldest production units from 1963. Both 
converted from oil to coal.   

MWe=75  
MWth =200 

Block 3 CHP-plant constructed 1969, oil-fired.  MWe=220  
MWth =365 

Block 4 CHP-plant from 1973, converted from oil to coal, wood 
pellets and peat.  

MWe=155  
MWth =250 

Boiler 5 Boiler constructed 2000, attached to the turbine in block 4.   MWe=57  
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MWth=120 
Block 6 CHP-plant from 2014, combustions household waste.  MWe=50  

MWth=150 
Block 7 CHP-plant under planning/construction 2017-2020. Planned 

operations starting year 2020. 
MWe=50 
MWth=150 

 

2.4.1 Block 4 & boiler 5 
Block 4 consists of a boiler, P4, a steam turbine and generator 4. The boiler was constructed 
1973, it is a circulation boiler without a dome and was originally fueled with oil. The boiler was 
converted to combustion of coal in 1983 and a desulfurization unit was installed 1986. The 
steam production from P4 decreaed after the conversion to coal, due to the lower heating value 
of the fuel. To reach the full load conditions of which the turbine was constructed for, P5 was 
constructed year 2000 to meet the steam demand. The new boiler, P5 was integrated in the 
already existing systems for feed water and condensate attached to P4. The two boilers could 
easily be incorporated into a common system since the turbine and generator was shared 
(Allmyr, 2017). 
 
P4 has been converted twice since the first conversion. In 1998 the boiler was adjusted for 
combustion of pine oil pitch, a biological oil produced from pine trees. In 2002 the process once 
again was adjusted for peat and wood pellets as fuel (Mälarenergi AB, 2015). The large number 
of conversions and usage of different fuels influences the operating conditions and the boiler has 
a large need of maintenance. Also the historic amount of operating hours of the boiler, the many 
years of usage is influencing the conditions of the boiler and the number of operating hours 
decreased during 2000-2010. Year 2013, when the new block 6 was constructed at the site, 
Mälarenergi made the decision to no longer use P4 as a regular production unit. The boiler is 
now used as a backup during the coldest days of the year, providing heat for the district heating 
system  (Allmyr, 2017). 
 
When boiler 5 was constructed the steam system was directly attached to the existing system 
connected to generator 4. The system has been rearranged since the operating hours of P4, has 
decreased. During revision 2013, cracking in the rotor of the turbine was found. An investigation 
was then initiated by Mälarenergi to examine whether investing in new turbine and generator 
attached separately to P5, or repairing the G4 turbine was the most feasible solution. 
Mälarenergi found that the investment in a new generator, would not be economically feasible 
and a project to start repairing G4 was initiated, the project was called “G4 reborn” (Sundqvist, 
2014). The “G4 reborn-project” calculated and investigated necessary measures to restore G4 
but also what measures that could be adapted to better optimize G4 for operations with a lower 
steam load and the conditions for P5-only. The conclusions and the measures proceeded were 
adjustments of the turbine for a lower load by dismounting the low-pressure turbine. The steam 
inlet from P4 was also disassembled and blocked. Steam from P4 is led directly to the direct 
heater DV42 and can no longer be led to the turbine (Sundqvist, 2014). The current system with 
P4 and P5 is displayed in Figure 4.  
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Figure 4. 800xA overview picture of the combined P4/P5-system year 2017. (Allmyr, 2017) 

 
Boiler 5 is wood fired and has a thermal output in full load conditions 185MW (Foster Wheeler, 
2009). The boiler is provided with its own fuel system, flue gas and flue gas cleaning system. 
Most of the other functions are integrated in Block 4. Some parts of the system have been 
adjusted with a separate parallel line for P5, for example the high-pressure feed-water pre-
heaters, and other parts are shared between the boilers, for example the low-pressure feed 
water pre-heaters. As a result of the decreasing amount of operating hours of P4, the mass flow 
in the system has been decreased. The dimensions of the systems are therefore based on a larger 
mass flow and energy demands. The systems in operation when P5 is in operation are drawn in 
Figure 5  and showed in Table 4 (Allmyr, 2017). 

Table 4. Steam data boiler 5 (Foster Wheeler, 2009) 

Specifications for P5 Data 

Total Heat Output 185 MWth 

Steam Flow 65.1/58.6 kg/s 

Steam Pressure 171/40 bar(a) 

Steam Temperature 540/540 °C 

Feed water Temperature  250 °C 

Boiler efficiency 90.5% 
 
In the P5-processes, see Figure 5, there is one set of low pressure feed water heaters FV41-43:1 
that are closed feed water heaters after the condensers, and two sets of closed high pressure 
feed water heaters before the feed water enters the boilers,  FV45-47A and FV45-47B. The A-line 
is for the feed water to boiler 4 and the B-line is for boiler 5’s feed water. There is also one feed 
water tank that can be considered as an open feed water heater operating at saturation 
pressure, FV44. Steam is tapped from the turbine in order to reach wanted temperature in the 
feed water tank.  
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Figure 5. The steam cycle of the Mälarenergi P5 system. 
 

In the P5-processes, see Figure 5, there is one set of low pressure feed water heaters FV41-43:1 
that are closed feed water heaters after the condensers, and two sets of closed high pressure 
feed water heaters before the feed water enters the boilers,  FV45-47A and FV45-47B. The A-line 
is for the feed water to boiler 4 and the B-line is for boiler 5’s feed water. There is also one feed 
water tank that can be considered as an open feed water heater operating at saturation 
pressure, FV44. Steam is tapped from the turbine in order to reach wanted temperature in the 
feed water tank.  

2.4.2 Block 7 
In 2017 Västerås city council decided to approve Mälarenergi’s plans to construct a new CHP-
plant at KVV. The new plant, block 7, will be using residual wood as fuel and got the production 
capacity, 50 MWhe and 150 MWhth. Block 7 will be used as the second production unit since 
block 6 will be used as the first production unit and be the system base load. This means that 
boiler 5 will lose priority and be used as the third production unit. Block 7 will be constructed 
and in operation year 2020. This means that the number of operating hours of boiler 5 will 
decrease from about 7000 to 2500 hours per year. The use of the production units and the 
durability over the year in the total Mälarenergi production year 2020, based on normal year-
corrected data, is displayed in Figure 6. Energy efficiency and other energy improvements will 
decrease the energy demand year 2020, this decrease however, is expected to be in the same 
order as the increased energy demand due to new buildings and new customers connecting to 
the district heating system.  (Allmyr, 2017) 
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Figure 6. Predicted durability chart for Mälarenergi heat & electricity production year 2020 (Allmyr, 2017) 
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 Methodology & data 

The methodology & data section presents how the results were reached, made assumptions, tools 
used and used data.  
 
The scope was defined during the pre-study in correspondence with Mälarenergi, identifying 
potential optimization areas in the modified systems, previously shared between boiler 4 and 5. 
The scope includes the condensate & feed water system, the direct heating system and the oil 
system.  These areas are referred to as the “Optimization areas 1-5” and are each analyzed 
separately, see Figure 7. “Optimization area 1” is the condensate system, including the steam 
after passing the turbine all the way until the condensate reaches the feed water tank. 
“Optimization area 2” is the feed water system, which means the components between the feed 
water tank and the boiler. “Optimization area 3” is the dilution water system including the 
dilution water tank and SP4. “Optimization area 4” is the oil system, previously shared between 
P4 and P5. Last is the “Optimization area 5” which is the system for direct heating, were the 
steam is used to produce heat only, instead of passing the turbine. The different optimization 
areas are studied separately and the study covers all the components within the system.  

 
Figure 7. The systems attached to P5 divided into "Optimization area 1-5" 

 
The method for identifying optimization potential for each area is performed in three phases. 
The first phase identifies the function demands of the system with operations of P5-only to 
specify the full load conditions and capacity demand. In the first phase different tools are used, 
such as energy balances calculated in the dimensioning program Solvo ®, developed for heat 
balance calculations by Fortum, see Figure 8. The differences between the function demands, 
and the existing system is then analyzed in a second phase where the current system is 
compared to the maximum full load conditions of P5. Finally the energy calculations and 
investment calculation are used to estimate the optimization potential in adapting the current 
systems to the new operating conditions and take actions to the identified capacity differences. 
In each of the phases, different calculation methods and tools are used, see Figure 8.  
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Figure 8. Graphic presentation of the methodology with the three phases including prestudy, scope and study 

and discussion/conclusion. 

 

3.1 Solvo 5.1 ® & Steam cycles 
Solvo ® is a calculation program for large scale power plant simulations and modelling of 
thermal processes, developed by Fortum. The program calculates heat and mass balances in heat 
processes by using different component models in the process. Solvo is useful for steam cycle 
calculations and optimize the system, based on steam cycle calculations, given a set of 
conditions. The result is presented graphically and gives an overview of the system (Fortum, 
2017)  
 
A thermodynamic cycle to generate power where the fluid is shifting between liquid and vapor 
phases through the different stages of the cycle, is called a vapor power cycle. Thermodynamic 
cycles can also be divided into open and closed cycles where the working media of closed cycles 
is recirculated and returned to the initial stage in the end of each cycle (Cengel & Boles, 2011). 
The system of P5 is a closed vapor power cycle with steam as working media. The Rankine cycle 
is the theoretical way of describing the ideal vapor cycle in power plants where both heat and 
power is produces, so called cogeneration. The Rankine cycle is divided into 4 stages, see Figure 
9:  

1-2 Pump, isentropic compression 
2-3 Boiler, constant pressure heat addition 
3-4 Turbine, isentropic expansion 
4-1 Condenser, constant pressure heat rejection 
(Cengel & Boles, 2011) 

 
Figure 9 Ideal Rankine cycle in vapor power plants with cogeneration, each step marked by 1-4, and 

representative T-s diagram (Cengel & Boles, 2011) 
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The phase shifts within the Rankine cycle can be visualized by a T-S Mollier diagram, see Figure 
9. In the ideal Rankine cycle all the devices are steady flow devices and energy calculations can 
thus be made by steady-flow analysis. Since kinetic and potential energy changes are relatively 
small in 
 
In order the increase efficiency in Rankine steam cycles, the processes recycle heat and using 
waste energy flows, which makes the process energy efficient (Frederiksen & Werner, 2012). 
Several measures can be adapted into the process, such as expanding steam in stages in the 
turbine and reheat the steam between the stages or pre-heating the feed water in feed water-
heaters in a so called regenerative Rankine cycle (Cengel & Boles, 2011). The system for P5 is 
using both reheating and pre-heating in open and closed feed water heaters. This contributes to 
a higher mean temperature of the heat supplied in the cycle and increases the efficiency of the 
plant (Frederiksen & Werner, 2012).  
 
The ideal simplified Rankine cycle for the P5 and corresponding Molier diagram are drawn in 
Figure 10, where each number 1-12 represents the stages in the Rankine cycle. The letters a-c 
indicates mass flow, let out from the main steam cycle, to preheat steam in the heat exchangers. 
The total heat and electricity output needs to consider that the mass flow is reduces by a, b and c 
in the corresponding stages, 1-12, in the steam cycle. On the right-hand side, the T-s Molier 
diagram, is showing the corresponding qualities and phases of the water in the corresponding 
steps 1-12, where the curve is the saturation line of water.  
 

 
Figure 10. Simplified ideal Rankine cycle for the P5-system, were each stage in the cycle is indicated 

by 1-12 and “a-c” are mass flow used for pre-heting. To the right is the repective T-s diagram for 
each stage of the cycle and the saturation line for the working media (water). 

 
The energy calculations for the steam cycle of P5, is expressed in Equation (10) where hx is the 
enthalpy in phase x=1-12, from Figure 10, expressed in kJ/kg and v is the specific volume 
expressed in m3/kg. qin is the heat added by the boiler, qout is the heat gained in the condenser, 
win is the power input added by pumps (assuming the heat losses from the pumps are zero) and 
wout is the power output from the turbine (Rashidi, Aghagoli, & Ali, 2014). The letters a-c 
indicates the mass flow, let out from the main steam cycle, to preheat steam in the heat 
exchangers and by which the mass flow of the main steam cycle is reduced calculating the total 
energy output. 
 

(𝑞𝑖𝑛 − 𝑞𝑜𝑢𝑡) + (𝑤𝑖𝑛 − 𝑤𝑜𝑢𝑡) = ℎ𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 − ℎ𝑖𝑛𝑠𝑒𝑟𝑡𝑒𝑑  
𝑞𝑖𝑛 = (ℎ7 − ℎ6) + (ℎ10 − ℎ8) 

𝑞𝑜𝑢𝑡 = (1 − 𝑎 − 𝑏 − 𝑐)(ℎ14 − ℎ1) 
𝑤𝑖𝑛 = 𝑣1(𝑃2 − 𝑃1) + 𝑣4(𝑃5 − 𝑃4) 

𝑤𝑜𝑢𝑡 = (ℎ7 − ℎ8) + (1 − 𝑎)(ℎ10 − ℎ11) + (1 − 𝑎 − 𝑏)(ℎ11 − ℎ12) + (1 − 𝑎 − 𝑏 − 𝑐)(ℎ12 − ℎ14) 

 
 

(10) 
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The simulation program, Solvo ®, is using a graphic interface to visualize the steam cycle and 
calculate the mass balances in a CHP-cycle. The interface shows the qualities of the liquid used in 
the process and the current conditions of the water. In each step, temperature, pressure, mass 
flow and enthalpy is given in the steam cycle, which is necessary to understand the qualities of 
the energy production. To simulate the steam cycle, modelling in Solvo ® is performed in two 
steps: 

1. The designing phase, building the system with the corresponding components in the 
steam cycle based on, Figure 5. 

2. The simulation phase, adding the specific component values from Table 5.  
 

During the designing phase the system and the components are drawn and connected with 
appropriate fluid connections in the solvo interface, see Figure 11. After connecting the 
fundamental components, the dimensions and demands on the system are set in the calculation 
phase. During iteration Solvo is then searching for mass- and energy balances to reach set 
demands in the system, based on the Rankine cycle and energy balance calculation, see Figure 10 
and Equation (10). 
 
The calculations are performed using properties of steam and water throughout the steam cycle. 
If balances are not reached, eventual errors are detected and needs to be corrected in order to 
preform further calculations. When the system is balanced, searched values can be given in each 
component or stage in the process. A large amount of parameters can be given and displayed, 
the most common to be presented are temperature, pressure, mass flow and enthalpy. The 
power input/output in each component and connection can also be given to set dimensions of 
the system (Fortum, 2017). 
 
To set a reference steam cycle for P5, Solvo was used to find the energy- and mass balance given 
full load conditions at P5 and G4. A simplified version of the P5 system was drawn in the 
designing phase, adding only one component each for low and high-pressure feed water pre-
heating. By using this method, the desired power output is calculated. After reaching this result), 
a decision if several pre-heaters connected in serial is needed, depending on the power demand 
(Fortum, 2017). 
 
Data used for Solvo calculations and components are based on component specification in the 
existing plant and given parameters are set for each component, see Figure 12. Steam 
parameters are set by the boiler specifications and full load operation in the boiler and the 
turbine, G4.  Because of unknown parameters and lack of accuracy in some of the parameters, 
calculations of power input to pumps, has not been performed in Solvo. Therefore the Solvo 
results for pump power demand are ignored and calculations are performed in Excel, using 
accurate pump curves.  
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Figure 11. The Solvo ® interface during designing stage, in this case construction of the boiler. 

 

 
Figure 12. The solvo setting window for components, in this case heat exchanger. 

3.2 Pump efficiency 
The pumps in the P5-system differs in age, size and supplier. Also documentation, 
measurements and data for the pumps are not always available. Due to the different conditions, 
the methodology to calculate the current operation and optimization potential differ between 
the pumps. The newer pumps, provided by the supplier KSB have detailed pump curves 
available and pump efficiency can be interpreted from the pump curves. For the older pumps, 
such as HKP and MP41-43 the pump curves cannot give data with correct accuracy, hence 
historical data logged in the control system 800xA has been used. For smaller pumps, SVK & 
SPKP, operation data is not stored in the control system. To calculate the efficiency, pump curves 
and theoretical data is used and interpreted with instant measured data in the plant.  
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For other, smaller pumps such as VUP, KKP and TSP, where energy consumption is not 
measured, the energy savings are estimated based on measured instantaneous data for the 
current and voltage and assumptions for how often the pumps are used.  

3.3  Investment calculation 
To estimate the economic feasibility, investment calculation were performed according to the 
discounted payback period. The discounted cash flow each year after the investment is 
expressed in Equation (11), when the cash flow is estimated to be the same size every year and 
𝐷𝑖 is the discounted cash flow year i, 𝐷0 is the cash flow of the first year (the investment) and c is 
the weighted average cost of capital (Peavler, 2016). 
 

𝐷𝑖 =
𝐷0

(1 + 𝑐)𝑖
 

 
(11) 

 
Mälarenergi’s demand on weighted average cost of interest is 6%. The maximum payback period 
is set to 10 years when estimating the maximum investment cost or number of operating hours 
needed for break even. 

3.4 Other data 
The electricity price used is based on a Mälarenergi data and prognosis based on European 
numbers, that the average price the coming years is 37.2 EUR/MWh which corresponds to 
approximately 355 SEK/MWh with 2017 currency. This electricity price also corresponds to the 
average spot price on the Swedish market 2007-2016, 354 SEK/MWh. (Nordpool, 2017) The 
cost for internal use of heat and the total producing cost for heat in P5 is given by Mälarenergi. 
For investment calculation in replacing DV42 the alternative cost for using HVG/HVK is 
approximately 600-800 SEK/MWh. (Allmyr, 2017) 
 
Historical operating data from the control system 800xA is logged with 48 measure points per 
day from 2010-01-01 to 2017-03-01. In 2013 the decision was made to stop using P4 for regular 
production, data after 2014-01-01 is therefore operation of P5 only. For pump calculations 
where mass flow for P5 only is needed, data from 2014-01-01 to 2017-01-01 is used. 
Measurements marked in red indicates measurement errors and are not used for calculations. 
For mass flow a lower limit “>10 kg/s” was set to avoid values and data during start/stop of the 
boilers where the measurements are unstable. The measured data from 800xA is mainly current 
or percentage of maximum current and voltages. These values are used to calculate the input 
power according to Equation (9).  
 
For smaller pumps without logged data, the monumental measured data is used and the 
following assumptions  are made to approximate the energy use for one year: VUP41-42; current 
105A, 400V, only one is used, VUP43-45; motor protection is 16,5A, 400V, the estimated power 
is 70% of motor protection, all of the pumps are in use, KKP44-45; motor protection is 35A, 
400V, the estimated power is 70% of motor protection, only one is used, TSP; current 42A, 302V, 
is in operation when P5 is in operation  (Linvall, 2017). 
 
For maximum load conditions to set demanded component sizes and maximum power input, 
maximum flows are used for calculations. To calculate energy consumption, mean flows are used 
to calculate investments and potential savings. The mean flows are calculated when P5 is in 
operation, between 2017-01-01-2017-03-31. For the condensate the mean value is 170 t/h = 
47.2 kg/s for HKP and 43.9 kg/s for VKP, for feed water 180 t/h=50 kg/s, dilution water flow 
through SVKP 12.8 m3/h=3,6 kg/s and dilution water flow through SPKP 35 m3/h = 9.7 kg/s.  
 
The number of operating hours 2017 is based on the mean value of operation 2013-2016, which 
is about 7000h/year. For investment calculations Mälarenergi is interested in the possible 
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savings after 2020, when boiler 7 is constructed. The approximated amount of operating hours 
2020 is estimated by the predicted durability chart for Mälarenergi’ s production year 2020, see 
Figure 6, and set to 2500 operating hours/year.  
 
Components in use for P5 operation, see Figure 5, are displayed in Table 5.  
 

Table 5. Specifications and data for P5-components 
Component Abbreviation Product 

data/capacity 
Explanation 

Condensers VK41 & VK42 4730/4390 m2 2 condensers connected in series 
 DV42 420 m2 , 174.6 MW Direct condensers, DV41 not in 

operation 
Heat exchangers LK4  Cooling of leakage steam 
 FV41-43 & FV43:1  304/546/563 m2 Shared line P4 & P5 
 FV45-47A 456/536/135.5 m2 Parallel lines to P4 (FV45-47B not 

in use) 
Pumps MP41-43, MP51 & 

emergency diesel 
pump 

3 x 5750 kW + 2500 
kW 

Adjustable speed drive at MP42 
and MP51. MP51 constructed and 
optimized for P5. 

 HKP41-43 3 x 450 kW HKP41&42 adjustable speed drive 
 VKP41-43 3 x 55 kW No adjustable speed drive installed  
 SVKP41-43 3 x 11kW Adjustable speed drive at all pumps 
 SPKP41-43 3 x 11 kW Adjustable speed drive at all pumps 
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 Results 

The result section is divided into 5 parts and there is one result section for each “Optimization area 
1-5”, see Figure 7, presenting optimization measures and technical challenges in each area. 

4.1 Optimization area 1: Condensate system 
This section presents the results in the Condensate system which includes the condensers, the low-

pressure feed water pre-heaters, leakage steam heat exchangers, warm condensate pumps VKP and 

the high-pressure condensate pumps HKP.  

 

Since boiler 4 is a circulation boiler, the feed water system is dimensioned based on the amount 
of water needed to fill boiler 4. When starting a circulation boiler, the feed water in the boiler is 
circulated through the entire feed water system. The required filling volumes for boiler 4 is 
therefore the base of the dimensions of the feed water system. The required filling volume is 
approximately 100m3/h. Boiler 5 got a steam dome and doesn’t have the same requirement of 
mass flow during start. When boiler 5 is heated for starting, the feed water circulates only 
through the boiler walls and then back to the dome, the feed water system then doesn’t have the 
same mass flow requirements. The limiting factor of dimensions is therefore the full load 
capacity of the boiler and turbine. The lower mass flow in the condensate and feed water system 
means that the dimensions of pipes etc. in general will be oversized. This does not affect the 
efficiency of the system negatively since the pipe losses will decrease due to less friction etc.   
 
The operation of boiler 5 and generator 4 was simulated in Solvo. The results of the simulation 
are displayed in Figure 13. 120 MW heat is delivered to the district heating system and about 
55MW electricity is produced when P5 operating in full load. Figure 13 shows the reference 
case, and describes the function demands on the condensate and feed water system.  

 
Figure 13. Solvo ® heat balance diagram for the reference system and simplified P5 steam cycle. 
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4.1.1 Condensers 
The condensers VK41 & VK42 are dimensioned based on the mass flow of condensate with both 
P4 and P5 operating in full load. The condensing capacity is about 250 MW. For full load of P5 
the condensing demand is estimated to 130 MW.  

4.1.2 Pre-heaters 
The low-pressure feed water heaters FV41-43 and FV43:1 are heat exchangers dimensioned for 
the condensate mass flow from both P4 and P5. The total heat exchanging capacity for full load 
conditions of P5 is 13-15 MW, see Figure 13. and Figure 14. The current low pressure feed water 
heaters’s dimensions are based on the exchange capacity 40 MW. 30 % of the heat exchange 
capacity in the low-pressure feed water heaters is used.  
 

 
Figure 14.Energy flow in low pressure feed water heaters FV41-43. Solvo - full load conditions with G4 

4.1.3 Leakage water heat exchanger 
Leakage steam in the system is today cooled in the heat exchanger called leakage condenser, LK. 
The cooling media is condensate with the approximate temperature 70 degrees C. The leakage 
steam is thus below 70 degrees C when leaving the leakage condenser. After passing LK, the 
steam is let outside the plant and air-cooled. If the steam would be cooled by another fluid, more 
energy could be used from the leakage steam before it is let out, see Figure 15.  
 
One opportunity is to cool the media in UK, using the district heating system and the return 
water as cooling media. The returning district heating water is about 48 degrees and the mass 
flow is approximately 550 kg/s. A large temperature difference of the district heating water 
before and after passing the CHP-plant is demanded to have a high efficiency within the plant. 
Thanks to the large mass flow of district heating water the temperature difference of the district 
heating water, would still be small and the efficiency of the CHP remains high.  
 
The amount of extra energy that could be used with another cooling media is approximately 110 
MWh/year in 2017 and 39 MWh/year in 2020, which corresponds to 11 000 SEK/year 2017 and 
3900 SEK/year 2020.    

 
Figure 15. The leakage steam in LK and the proposal using UK. 
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4.1.4 High pressure condensate pumps, HKP41-43 
The condensate pumps, HKP41-43, are dimensioned based on the mass flow of condensate with 
both P4 and P5 in full load operations, 120kg/s with an efficiency of 80%. Since then the 
condensate mass flow has been changed to a mean value of 47.2 kg/s. The changed mass flow is 
larger than 50%, the efficiency is thus affected by the new operating conditions, despite the 
frequency control and the adjustable speed drives that are installed on HKP41 and HKP42. 
 
To identify efficiencies of HKP41 and HKP42 at mean condensate flow, historical operations data 
for HKP43 is used, see Figure 16. HKP43 has no adjustable speed drive and the current efficiency 
at given mass flow can be read from the pump curve, provided by the supplier. The HKP43 
efficiency at 50 kg/s is 55% (Sulzer, 2017). For the mean mass flow in the condensate system 
the useful energy to HKP43 is 84 kW, considering that HKP43 is using energy to increase the 
pressure in the condensate system to 30 bar and the needed pressure is 8 bar. The same amount 
of energy used by HKP41 to perform the same work is 108 kW and the efficiency of HKP41 & 42 
is calculated to 78%. This value corresponds well to Equation (7). Using Equation (7), the new 
efficiency should be 78,7%. The optimization potential for HKP41 & HKP43 is relatively low. 
HKP43 however has a low efficiency and with HKP41 and HKP42 in operation, the capacity of 
HKP43 is no longer needed in the system. Using HKP41 instead of HKP43 for pumping the mean 
mass flow consumes the power 120 kW instead of 365 kW, due to the lower efficiency, the fact 
that HKP43 is not using frequency control and that the pressure rise after the pump is higher 
than necessary. 

 
Figure 16. Operations data for HKP41 & HKP43 2014-2017. 

4.1.5 Warm condensate pump, VKP41-43 
The warm condensate pumps, VKP41-43, was originally dimensioned for condensate flow at 100 
kg/s, since then the operations changed and the mean condensate flow with only P5 operations 
is 43.9 kg/s. Neither VKP41-43 has frequency control with adjustable speed drives installed. The 
current efficiency at given mass flow can then be read from the pump curve, provided by the 
supplier (KSB, 2017). The VKP efficiencies has decreased from 85% to 70% due to the changed 
mass flow.  
 
Optimization potential is identified in increasing the pump efficiency by either replacing the 
pump or installing frequency control and adjustable speed drives. The latter is more cost 
efficient since the investment in an adjustable speed drive is smaller than replacing the entire 
pump. Adjustable speed drive for a VKP-pump could increase the efficiency of the pump to 74-
84% according to Equation (6) and Equation (7). At mean condensate mass flow, the pressure is 
increased after the VKP to 5.5 bar. The pressure in the pipe system needs to be below the 
saturation limit for water, for the condensate at maximum 120 degrees, with a safety limit of 0.5 
bar, to avoid boiling in the pipes. Installing adjustable speed drive, this pressure can be 
decreased to 2.5 bar. Compared to the current pressure rise, 5.5 bar, the lower pressure saves 
energy.  
 
The useful pumping capacity needed for mean mass flow in the system would then be 
approximately 22 kW and for the maximum flow 28 kW. This action, without consideration to 
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the investment cost, would save about 67 000 SEK/year 2017 (7000 operating hours/year) and 
24 000 SEK/year 2020 (2500 operating hours/year) and save 190 MWh/year 2017 and 68 
MWh/year after 2020. Worth taking into account is that the drives of the pumps is simplified if 
there is the same control system for the main VKP-pump as the redundancy pump. If investing in 
adjustable speed drives for the VKP-pump, it should be installed on both of the pumps. The 
investment cost for adjustable speed drive for this type of pump is about 10 000-30 000 SEK 
(Wida, 2017) and for investing in adjustable speed drives for two pumps before 2020, the 
payback time is approximately less than 6 month.  

4.1.6 Summary of results: Optimization area 1 
Table 6 summarizes the results found in the sections above for “Optimization area 1”. 
Table 6. Summary of the results in "Optimization area 1" 

Results: Optimization area 1 

Component Measure Potential 
Condensers VK41-42 No measure 130 MW needed, capacity of 250 MW 
Low pressure feed water 
pre-heaters, FV41-43:1 

No measure 15 MW needed, capacity of 40 MW 

Leakage steam heat 
exchanger 

District heating water 
used as cooling media 
in UK instead of 
condensate in LK.   

Energy saving 39 MWh year 2020, 
3900 SEK/year.  

High pressure condensate 
pumps, HKP41-43 

Using HKP41/42 
instead of HKP43, no 
measures for 
HKP41/42  

Pump efficiency is 78% instead of 
55%, 551 MWh/year 2020.  

Warm condensate pumps, 
VKP41-43 

Install adjustable 
speed drives for 
VKP41-42 

Pump efficiency 80% instead of 70%. 
Savings 68 MWh and 24 000 
SEK/year from 2020 

 

4.2 Optimization area 2: Feed water system 
This section presents the results in Optimization area 2 which is the feed water system. This area 

covers the feed water tank, the high-pressure feed water pre-heaters and the feed water pumps MP.  

4.2.1 Feed water tank 
The feed water tank, FV44 also called “MAVA-tanken”, is the storage tank for feed water 
providing and distributing feed water to the boiler. The tank also got the function as deaerator, 
removing oxygen from the feed water to reduce the risk for corrosion. The dimensions of the 
feed water tank are based on the water demand when cooling and shutting down the boiler. The 
dimensions of the feed water tank, 144 m3, is based on the water demand for two boilers. The 
size of the tank is therefore twice the size of the need for boiler 5. The needed size can be 
approximated to 80 m3.  

4.2.2 High pressure feed water pre-heaters 
The high-pressure feed water heaters have two separate lines of heat exchangers, FV45-47A for 
P4 and FV45-47B for P5.  The needed heat exchange capacity for full load operations for P5 is 
19-20 MW, see Figure 13 and Figure 17. Since there are two parallel heat exchanging lines for 
the boilers, one of lines is not needed.  
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Figure 17. Energy flow in high pressure feed water pre-heaters FV45-47B. Solvo - full load conditions with G4 

4.2.3 Feed water pumps, MP41-43 & MP51 
The feed water pump for P5, MP51, was installed when P5 was constructed and the dimensions 
of MP51 are optimized for P5 operations only. MP51 is dimensioned for 70kg/s and efficiency 
80% (KSB, 2012), the operations have not been changed since the installation of the pump. 
MP51 is the priority feed water pump but MP41-43, which are dimensioned based on the full 
load operations with both P4 and P5, are still used as redundancy pumps. MP42 is the main 
redundancy pump since it is equipped with frequency control and adjustable speed drive. MP42 
is optimized for 150 kg/s with an efficiency of 80% (Sulzer, 1967). The changed mass flow is 
larger than 50%, the efficiency is therefore affected by the new operating conditions, in spite of 
the frequency control and the adjustable speed drive.  
 
Historical operations data gives the mass flow-power curve for MP51 and MP42, see Figure 18. 
For the mean mass flow in the feed water system, 50 kg/s the useful energy to MP51 is 895 kW. 
For MP42 the same amount of energy needed to produce the same work, is 1377kW, hence the 
new efficiency of MP42 can be set to 65% for the mean mass flow. This value corresponds well 
to the value using Equation (7), calculating the new efficiency for pumps with adjustable speed 
drives. According Equation (7) the new efficiency should be 60%. 

 
Figure 18. Historical operations data 2014-2017 for MP51 and MP42 

 
Since the MP42 efficiency, for 2017 operating conditions, is set to 65% there is an optimization 
potential to increase the pump efficiency. Installing a new pump with operations parameter 
adjusted to the decreased mass flow could increase the efficiency to 80%. Mälarenergi has an 
available renovated pump, of the same model as MP51, which could be installed to replace 
MP42. To replace the pump investments in a new motor, foundation and control system are 
needed. To cover the investment cost in a new motor, about 1 000 000 SEK (Wida, 2017), for the 
new pump MP52, the number of operating hours must exceed 1470 hours/year, see Figure 19.  
Year 2014-2016 the number hours in operation for MP42 has been about 113 h per year.  
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Figure 19. Investment curve in new pump MP52 

4.2.4 Summary of results: Optimization area 2 
Table 7 summarizes the results found in the sections above for “Optimization area 2”. 
Table 7. Summary of the results in "Optimization area 2" 

Results: Optimization area 2 

Component Measure Potential 
Feed water tank, FV44 No measure 144 m3, 80 m3 needed. 
High pressure feed water 
pre-heaters, FV45-47 A&B 

No measure 2 lines of heat exchangers, only one 
line needed 

Feed water pumps, MP41-
43 and MP52 

Investing in new pump 
MP52 to replace MP42 

Economical feasible if operating 
hours exceeds 1500h.  

 

4.3 Optimization area 3:  Dilution water system 
This section presents the results of the analysis of the dilution water system. This includes the 

efficiency of the dilution water pumps SVKP and SPKP but also energy efficiency potential in 

rearranging the dilution water system.  

4.3.1 Pumps, SVKP & SPKP41-43 
The dilution water pumps are dimensioned based on the mass flow for filling boiler P4 with the 
mass flow 100 m3/h. The pump, provided by KSB, have detailed pump curves and for this flow 
the pump was originally designed with 74% efficiency (KSB, 2017). After operations changed 
and P4 is no longer in use, the mean mass flow has been changed to 12.8 m3/h for SVKP and 35 
m3/h for SPKP. The changed mass flow is larger than 50%, the efficiency is therefor affected by 
the new operating conditions, despite the frequency control and the adjustable speed drives 
which are installed on HKP41 and HKP42.  
 
No historical operations data are available for these pumps since data is not logged for smaller 
pumps. Therefore the theoretical capacity demand for the mean mass flow is compared with the 
actual monumental energy consumption for the pumps. The useful capacity for SVKP is 780 W 
and SPKP 1500 W. Compared to operational data, the efficiency of the pumps is then estimated 
to 17% for SVKP and 38% for SPKP. These values can also be found in the pump curves from 
KSB and can be compared to the theoretical values of the new efficiency with adjustable speed 
drive according to Equation (7), 24% and 54%.  
 
Replacing these pumps with new pumps with 80% efficiency would cost about 30 000 SEK each 
(Nilsson, 2017). The payback time, replacing the pumps 2020 would be 12 years for SVKP and 
27 years for SPKP. Replacing the pumps 2017 however, when the amount of operating hours is 
larger and then decreasing after boiler 7 is in operations, would have a 6 years respectively 12 
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years payback time.  The energy savings is about 25 MWh/year before 2020 and 9 MWh/year 
after 2020 for SVKP and 18 MWh/year before 2020 and 6.4 MWh/year after 2020 for SPKP. This 
is especially interesting since the pumps are dimensioned for a much larger mass flow, that the 
current operations situation. The relatively large changes might influence the operations of the 
pump. The pumps are not constructed to operate under these circumstances. If Mälarenergi 
experiences difficulties in the operation of the pumps, this investment is especially interesting.  
 
Worth taking into consideration is that at some points, when filling the system, the mass flow of 
the dilution water peaks. This means at the larger mass flow of 100 m3/h for SVKP and 300 m3/h 
sometimes occurs. If investing in smaller pumps, the larger pumps needs to be maintained as 
extra pumping capacity when peaks occur or Mälarenergi needs to better plan the filling of the 
dilution water and use lower mass flow during longer periods of time instead of using mass flow 
peaks in the system.  

4.3.2 Rearranging the dilution water system 
The dilution water system is arranged that the dilution water, provided by a shared dilution 
water system for the entire plant, is distributed to a dilution water tank SVK4. The dilution 
water is then distributed to KC4 via SP4. In KC4 the dilution water is mixed with the condensate 
and then, by HKP provided to the feed water tank, FV44. This system is rather complicated and 
in the newer boiler systems in the plant, the dilution water is directly added from the dilution 
water tanks to the feed water tank. This could also be done for the P5 dilution water system, see 
Figure 20.  

 
 
 
To simplify the system a new pipe needs to be drawn from SVK4 to FV44. FV44 is located on the 
height 56m and the pressure in FV44 is about 5 bar. In order to transport the dilution water 
from SVK4 to FV44 a pump dimension for system head, H=112 m and mass flow 0-50 m3/h. This 
transport is not possible with the current dilution water pumps. The SVKP and SPKP is 
dimension for system head H=25m and mass flow 0-200 m3/h and must be replaced if the 
system is to be rearranged. If the mean mass flow of dilution water is 35 m3/h the useful energy 
is 10,6 kW for the new dilution water system. A pump with 80% efficiency would use about 33 
MWh/year from year 2020. This is an increase with 10 MWh/year compared to SVKP and 
SPKP’s summarized energy use from year 2020. This is due to the larger power that is needed to 
pump the water up to a higher level, compared to the current dilution water system.  This 
investment especially interesting if the system is to be reconstructed after G4 is shut down and 
operations of KC4 etc. is to be removed, see 4.5.2  Rearranging the direct heating system.  

4.3.3 Summary of results: Optimization area 3 
Table 8 summarizes the results found in the sections above for “Optimization area 3”. 
Table 8. Summary of the results in "Optimization area 3" 

Results: Optimization area 3 

Component Measure Potential 

Figure 20. The dilution water system to P5 2017 (right) and the proposed new design of the 
dilution water system (left) 
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SVKP41-43 Replace one of the 
pumps to smaller 
model 

Payback time 6 years. Energy savings 
9 MWh/year post-2020.  

SPKP41-43 Replace one of the 
pumps to smaller 
model 

Payback time 12 years. Energy 
savings 6.4 MWh/year post-2020. 

Rearranging dilution water 
system 

New pump +pipe 
system to transport 
dilution water directly 
from SVK4 to FV44.  

Increase of energy consumption of 10 
MWh/year post-2020.  Energy saving 
potential if direct heating system is 
rearranged.  

 

4.4 Optimization area 4:  Oil system 
This section presents the analysis results of the oil system. The oil system includes both circulation 

and pre-heating of the oil, but also steam needed for the oil injection into the boilers. Both P4 and 

P5 can use oil as fuel.  

 

The oil systems for boiler 5 is the same system used for operations together with boiler 4, see 
Figure 21. The fuel-oil is pine oil pitch and the light oil E01, is used for starting burners when 
starting the boiler. The fuel-oil system is including 4 oil pumps, BUP41-44, and 3 oil pre-heaters, 
OFV41-43. BUP41-43 are the pumps used to feed the boiler with oil. BUP44 is a smaller 
circulation pump, used for circulation in the system during the time when oil is not used as fuel. 
Previous studies of the oil system have shown that this solution with a smaller circulation pump 
is suitable for the new operating conditions of the system (Naeslund, 2016). OFV41-42 are 
heated by the district heating water and OFV43 with help steam, through OAT4.  
 
P4 is initially dimensioned for 64 tones/h based on the operations when oil was the main fuel 
for P4. The use of fuel oil has since 2010 decreased in both P4 and P5. Year 2010 6536 m3 oil 
was used per year in P4 and P5. 2012 the same number was 4711 m3, year 2014 the 
consumption was 117 m3 and 2016 it was 172 m3. Since the oil use has decreased essentially, 
there are reasons to believe that the oil systems capacity is much higher than the current 
demand. The pumping capacity is only 7 tones/h with operations for P5-only. Further 
investigation is necessary to analyze what pre-heating capacity is needed in the system and 
whether P5 should continue with pine oil pitch as fuel.  
 

 
Figure 21. The P5 oil systems for burning oil and light oil for starting burners 
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4.4.1 Atomization steam 
The tank for atomization steam to boiler 4, OAT 4, have the constant pressure 10 bar. Since 
atomization steam for boiler 4 is no longer needed when the boiler shuts down and the 
atomization steam for boiler 5 is inserted directly from the help steam system, the function of 
OAT4 is no longer needed. OAT could therefore be removed in order to reducing the energy need 
for keeping the constant pressure of the tank. Keeping the constant pressure in the tank is 
consuming steam from either the help system or G4, since there are energy losses and probable 
leakages in the tank and connected piping system. Detaching the tank means that the help steam 
could be used more efficiently in other parts of the plant  (Morberg, 2017). 
 
To remove/detach the tank all the functions of the different connections to the tank needs to be 
analyzed to ensure that necessary functions still are obtained. OAT4 is connected to the help 
steam system, a system shared for the entire KVV. The previous functions of the tank have been 
to provide the oil burners in P4 with atomization steam, but also oil pre-heater OFV43. The 
atomization steam is no longer needed but the functions of OFV43 however might still be 
necessary, since P5 got oil as fuel. The function of providing OFV43 with steam, must still be in 
operation after detaching the tank. When detaching the tank all the different inlets and drains 
from the tank must be localized and sealed. The steam is let into OAT4 from drains in G4 and 
water for filling the tank is led in from KC4. The drains from G4 can be lead directly the help 
steam system but the filling function from KC4 is no longer needed. To seal the tank one of the 
inlets from G4 needs a new vault, since there is only a check vault in the system, see Figure 22.  
Connections to OAT4 and proposed actions are listed in Appendix 1. The remaining functions 
after detaching OAT4 are visualized in Figure 23.  
 
Further investigations and measurements are needed in order to estimate the energy savings 
caused by this action. Since an investment in a new vault is needed, that cost needs to be related 
to the probable energy savings from detaching the tank. Investing in a new vault, however is a 
small measure in order to simplify the system and reach a probable energy saving thanks to the 
decreased demand of inlet steam to OAT4 from either G4 or the help steam system.  

 
 
 

Figure 22. OAT4 with pipe connections and vaults (Mälarenergi AB, 2003) 
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Figure 23. OAT 4 detached and actions listed in Appendix 1 performed. 

 

4.4.2 Summary of results: Optimization area 4 
Table 9 summarizes the results found in the sections above for “Optimization area 4”. 
Table 9. Summary of the results in "Optimization area 4" 

Results: Optimization area 4 

Component Measure Potential 
Oil pre-heaters, OFV41-43 Further investigation 

needed 
 

Oil pumps, BOP41-44 Further investigation 
needed 

Pump capacity needed is 7 tones/h, 
pumps dimensioned for 64 tones/h.  

Atomization steam, OAT4 Close vaults and install 
1 new vault to detach 
OAT4.  

Decreased need of help steam.   

 

4.5 Optimization area 5:  Direct heater 
The results of “Optimization area 5: Direct heater” is presenting the financial potential of investing 

in a new direct heater to P5 but also the efficiency potential in rearranging the direct heater 

system.   

4.5.1 Investment in new direct heater, DV51 
The current direct heater in use for P5, DV42, is dimensioned for 174,6 MW condensation 
capacity.  The thermal output for boiler 5 is a bit larger, the theoretical thermal capacity is 
180MW but empirical observations from operations gives an output as high as 185 MW. Hence 
there is optimization possibilities in increasing the capacity of the direct heater and matching 
the capacity to the thermal output from P5. Investing in a new direct heater, DV51, is a potential 
optimization action for Mälarenergi (Morberg, 2017). 
 
After year 2020 P5 will be used during the coldest periods during the year. Direct heating from 
boiler 5 is the last method for covering the heat demand in the grid, using the conventional 
production units in Mälarenergi’s plant. When the capacity of DV42 is not enough, production 
units such as HVG and HVK, producing heat from fossil fuels, will be used. Decreasing the need 
for HVG and HVK, replacing that heat production with more heat produced from P5, would 
therefore not only decrease the emissions of carbon dioxide from the production, but also lower 
the production costs since biofuels are cheaper than the fossil fuels.  
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The economic feasibility investing in a new direct heater is depending on the alternative cost for 
the energy production the new direct heater is replacing. The profitability is also depending on 
the number of operating hours the direct heater is needed, the number of operating hours the 
capacity demand exceeds the conventional production in KVV. Figure 24 illustrates the annual 
savings potential, replacing alternative production units with a new direct heater to P5.  
 

 
Figure 24. Investment graph for a new direct heater to P5, without considering investment costs. 

 
The alternative cost for producing heat with HVK/HVG is set to 700 SEK/MWh (Allmyr, 2017). 
The investment cost for a new direct heater with 190 MW condensation capacity is 
approximated to 3 000 000 SEK, this does not include new pipes etc. (Westin, 2017). The 
number of operating hours needed to pay back the investment within a 10-year period, is 
depending on the thermal output from boiler 5. If the thermal output is set according to the 
theoretical value, 180 MW, the number of operating hours where the added capacity from DV51 
is needed, must be more than 140 h per year.  If the thermal output is set as the empirical value, 
185 MW, the same amount of hours only needs to be 80 h per year, see Figure 25. In Figure 6, 
showing the durability diagram after boiler 7 is installed, indicates that the number of days 
when the new direct heater would replace alternative energy production units is about 4 
days/year. This is approximately 100 h/year.  
 

 
Figure 25. Investment payback -time for a new direct heater, DV51, investment cost 3 000 000 SEK. 
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 Sensitivity analysis 

Since the investment cost is essential to the result and the cost is roughly estimated, a sensitivity 
analysis is performed to investigate how the number of needed operations hours is affected by 
different investment costs. The result is displayed in Table 10 and shows that the number of 
operating hours needed to reach pay back demands is between 50-100h for a 2 000 000 SEK 
investment and between 100-190h if the investments costs are 4 000 000 SEK.  
 

Table 10. Sensitivity analysis, needed operating hours for a 10-year payback period depending on the 
investment cost for DV51. 

Investment cost 
[SEK] 

No. of operating hours,  
Thermal output= 185 MW [h/year] 

No. of operating hours,  
Thermal output= 180 MW [h/year] 

2 000 000 50 100 
2 500 000 70 120 
3 000 000 80 140 

3 500 000 90 170 

4 000 000 100 190 

4.5.2  Rearranging the direct heating system 
When G4 is no longer in operation the entire system could be rearranged to lower costs of 
operation and maintenance by detaching components where the functions are no longer 
necessary for the process. A complicated process with a large number of objects increases the 
need of maintenance and services in the plant. The operating conditions 2020 when P7 is in 
operations and G4 is removed means that P5 will only be used to provide heat through a direct 
heater, to the district heating system when the heat demand is high during the cold winter 
months. Several systems used in the processes connected to P5 can then be dismantled in order 
to simplify the operations of P5, see Figure 26. The remaining functions in the system are 
specified in Table 11.  

 
Figure 26. Illustration of simplified system with P5 connected to direct heater only and simplified dilution 

water system 
Table 11. The systems specifications for P5 with direct heater only 

Boiler P5, thermal capacity 185 MWth 

Direct heater with UK 

MIBIS filter system 

Feed water tank 

Feed water pumps 

High pressure feed water heaters 

Reduction station between ÖH and MÖH 

 
The system specifications are set by the full load conditions by the boiler and are described in 
Table 11. The system without the turbine but with a direct heater can operate in higher pressure 



 

 
2017-06-12, Emma Wiesner 

 UPTEC ES 17 012, Uppsala University 

 

31 
 

since the operation pressure is larger for the direct heater than the condensers, and by that 
pumping capacity can be reduced.  The system could be simplified by redrawing pipes and 
dispatching the condensate cistern, KC4. Since the feed water tank got a higher storage capacity 
than needed, see section 4.2.1 Feed water tank, the system can manage without KC4 as 
condensate storage tank. The feed water tank is operation in saturation pressure, about 10 bar, 
for the given temperatures after the direct heater. The higher pressure in the direct heaters 
makes is possible to rearrange the system and connect the condensate from the direct heaters 
directly to the feed water tank, through the MIBIS filter system.  
 
To optimize the direct heater, which operates as a heat exchanger/condenser, and make the 
investment most cost efficient, the pressure in the direct heater should be as low as possible. The 
easiest way is to regulate the pressure in a reduction station before the direct heater (Westin, 
2017). The pressure should be decreased, but must have the capacity to transport the 
condensate to the feed water tank.  
 
The steam pressure is about 40 bar after the super heaters. A new pipe connection to attach 
DV42 to the feed water tank FV44 is needed to rearrange the system. The feed water tank FV44 
is located at level +55m in the plant and DV42 is at level +5m. The MIBIS filter system is at level 
+14m and gives a pressure drop at -0.5 bar. This means that the static pressure drop is about -
5,3 bar in the new pipe system. The new system is simulated in Solvo and illustrated in Figure 
27. The overall pressure drop is then 5,316 bar if the new pipe is considered to be 100 meters. 
This means that the pressure before the direct heater can be decreased to 15,4 bar before 
entering the condensing stage, see Figure 27.  
 
The low-pressure feed water heaters that are heated with steam from the turbine, are not in 
operation when the turbine is not in use. The high pressure also makes it possible to dismantle 
several pumps in the condensate system since the steam is circulating in the system without 
need of pumps. For example, the condensate pumps are not needed since the pressure in the 
direct heater makes it possible to transport condensate directly to the feed water tank. The 
operations of the VUP-pumps and the TSP-pump are related to KC4 and are not needed if KC4 is 
detached and this is also true for KKP-pumps that are related to the operations of G4. There is 
however no existing pipe connection between the direct heater and the feed water tank. A new 
piping system needs to be constructed in order to manage these operating conditions. 
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Figure 27. SOLVO Heat Balance Diagram, simplified system with P5 connected to direct heater only 

 
The existing components in the system that will be removed in the rearranged simplified system 
are listed Table 12. In Table 12 is also the annual energy savings when removing these 
components and quit operations. Table 12 is based on the energy demand of the existing system 
2017 without any taken measures and 2500 operating hours per year. The total savings, 
rearranging the operations and dismantle the listed components after year 2020 and when G4 is 
no longer in use, are 265 000 SEK/year and the energy consumption decreased by 745 
MWh/year. This annual savings does not cover the decreased amount of service and 
maintenance costs or the investment cost in the new piping system.  
  

Table 12. Components not in use when P5 is connected to direct heater only and new pipe system is 
constructed. 

Removed energy consuming 
components 

Yearly energy demand 
2020 [kWh/yr] 

SVKP 11 538 
SPKP 12 843 
VKP41-43 138 500 
HKP41-43 300 000 
TSP 54923 
VUP41-42 181 865 
VUP43-45 60 016 
KKP44-45 42 435 
Total annual energy savings 777 739 
Added components 
new SPKP 33 206 
Net annual energy savings 744 533 
Other removed components 
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SP4, VK41-42, LK41, FV40, KC4, FV41-43:1, KK4 

4.5.3 Summary of results: Optimization area 5 
Table 13 summarizes the results found in the sections above for “Optimization area 5”. 
Table 13. Summary of the results in "Optimization area 5" 

Results: Optimization area 5 

Component Measure Potential 
Direct heater, DV42 Invest in new direct 

heater, DV52 with 
larger capacity than 
DV42 

Economic feasibility if the number of 
operation hours, replacing alternative 
production, is greater than 80-140 h.  

Direct heater circuit Rearrange district 
heating circuit after G4 
is removed from the 
system.  Dilution water 
system rearranged. 

Reduced pump capacities decrease 
energy consumption with 745 
MWh/year after 2020, approximately 
265 000 SEK/year. 
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 Discussion 

The discussion section analyses the presented results, the methodology and how assumptions could 
affect the presented measures. The section also reflects upon how the results can be applied to 
other energy industry processes to find a general approach on energy efficiency in changed systems 
in CHP-plants.  

5.1 Energy efficiency in Mälarenergi, P5 
A system approach is important when deciding on what measures to act upon. The different 
measures affect each other at some extent and the feasibility is depending on which optimization 
measures are implemented. This is especially clear for the proposal to rearrange the direct 
heating system after G4 is shut down. This affects the condensate pumps, dilution water pumps 
and the direct heater itself. Rearranging the system got a large economic potential the day G4 
out of operations. This affects the measures with a more short-term perspective for the 
components still in operations until then, but which could be removed when the reconstruction 
of the direct heater is made. This is true for, for example, the VKP-pumps. The fact that the 
system could be rearranged shortens the possible payback time for the investment and this must 
be taken into consideration. The same goes for the dilution water pumps. If optimization 
measures are made in the current system, leading dilution water to KC, and KC is later removed 
within 15-years’ time, new investments have to be made again after KC is removed.   
 
The potential savings in implementing the proposed measured are also highly depending on the 
investment cost of the proposed changes, but also the number of operations hours of P5. Since 
the number of operating hours is changed when boiler 7 is constructed, from approximately 
7000h to 2500h in 2020, the optimization potential is decreasing past 2020. The economic 
potential is also depending on the electricity price and the development of the electricity market, 
which again gives uncertainty to the results.  
 
The durability diagram in Figure 6 affects the result concerning the investment in a new direct 
heater, DV51. The diagram shows that it is about 4 days per year when boiler 5, 6 and 7 cannot 
meet the energy demands of the district heating system and alternative production units are 
needed. The diagram is based on normal corrected temperature data and worth taking into 
account is the fact that the amount of necessary days could be much higher for some colder 
years. The number of necessary hours could increase if there are operational errors in some of 
the other production units in the plant. Security of supply could therefore be taken into account 
and the fact that available capacity in the system, also should be valued.  
 
Decreasing the size of the feed water tank could be an optimization measure in order to decrease 
the heat radiation losses. If the tank area is decreased the heat losses to the surrounding 
decreased. The optimization potential is though small since there is no external heating of the 
tank and the heat losses are considered relatively small. The tank is isolated so the potential 
energy savings are small and cannot cover the expensive costs of replacing the feed water tank. 
On the contrary, there can be positive effects by having an over-sized tank concerning stability, 
deaerisation and storage.  
 
Optimization measures of pumps got the potential to decrease electricity use and thereby 
decrease the operations cost. The overcapacity of the heat exchangers in the system however, 
does not affect the operations cost or decrease the input energy demand. The energy analysis 
can be a useful tool to plan services and maintenance of the heat exchangers, knowing the 
capacity demands and the available exchanging capacity in the system. In several components in 
the plant the heat exchange or condensation capacity is twice the size than required. For 
example, can one of the lines for high pressure feed water heating, thanks to over dimensioning, 
be dispatched in order to simplify the preheating system, and be used for spare parts. Also, the 
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feed water tank is over-dimensioned for the system, but the economic potential in investing in a 
smaller tank is negative and Mälarenergi could use the benefits of a large tank, when for example 
considering a rearranging the direct heating system. 
 
The investment calculation shows that an investment in a new direct heater better optimized for 
P5, is economically feasible if the number of operating hours where the direct heater is replacing 
alternative energy production is somewhere in between 80-140h/year, depending on the 
investment cost. The duration diagram for the predicted energy production year 2020 shows 
that the approximate number of days when this is true, is 4 per year. This means that the 
investment is about to be break even. The sensitivity analysis, however, shows that there are 
large uncertainties in the analysis. Depending on the investment cost and the thermal output 
from boiler 5, the number of demanded operating hours for a 10-year payback is in between 50-
200h. This means that the investment could be feasible, but is not prioritized due to large 
uncertainties. The decision should take into consideration the alternative energy production 
cost and other investments in the plant. If the cost of the alternative production unit is lowered, 
the economic potential decreases. The benefits of an investment are also sensitive to other 
investments in the plant. For example, if other investments are done, to rearrange the district 
heating system and redraw pipes, the investment costs can be decreased. A new direct heater 
also decreases the maintenance demand and operations- and maintenance costs, this is not a 
part of the investment calculation.  
 
The dilution water pumps have lost efficiency since they are dimensioned for a mass flow much 
larger than the current mean mass flow. This means that even though adjustable speed drives 
are installed the mean efficiencies are as low as 17% for SVKP and 40% for SPKP. Replacing the 
pumps in 2017 would have a payback time of 6 years for SVKP and 12 years for SPKP.  These 
investments got economically feasibility, but since the condensate system could be rebuild when 
G4 is removed, the long term investment would be to rearrange the dilution water system. If the 
condensate system is to be rearranged, a reconstruction of the dilution water system is 
demanded. This measure, however does not prove economic feasibility since it would increase 
the energy demand of the dilution water pumps due to new height of the system. It should hence 
be performed in the same phase as when the direct heating system is rebuilt. The time 
perspective of when G4 is to be dismantled is then crucial for this decision. If the estimated time 
frame is longer than 11 years the investments still got enough payback time and fulfill the 
demands on cost of capital of 6%, and the dilution water pumps should therefore be replaced 
with smaller pumps.  
 
The investment decision is also depending on the size of the investment and the relative savings. 
Even if the payoff time is low and the investment is feasible, the amount of work needed to 
perform the change must be relative the total energy and cost savings. This is relevant when 
analyzing the dilution water pumps. The efficiency decrease of the pumps is high, from 75 to 
∼20% respectively ∼40%. But relating the energy consumption of the dilution water pumps to 
other energy consuming units in the plant, the annual energy demand is only 4% of the HVK 
pumps and 10% of the VKP-pumps. Optimizing measures for these pumps, is then in a system 
perspective relatively small.  
 
The larger pumps in the plant are both more well-documented and got better measurements 
and logged data. The energy consumption for these pumps is larger than the smaller pumps 
individually, but the total energy consumption of these pumps should not be neglected. For 
example, the VUP41-42 got a large total energy consumption and stands for 23% of the total 
energy savings calculated in Table 12. The calculations for these pumps are rough and based on 
several assumptions. The exact numbers in Table 12 should hence be handled with caution and 
more as a guideline for the potential savings.  
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In this study the efficiency losses due to the changed conditions of the motors are not taken into 
consideration. When the demanded power output decreases and differs from the rated power, 
the efficiency of the motor decreases due to the power factor. In this study the motor efficiency 
is set to 90% and no decrease has been taken into consideration. The efficiency potential, 
optimizing operations of pump, is therefore probably slightly higher.  

5.2 Energy efficiency in modified processes in CHP-plants 
This thesis has studied various parameters to increase energy efficiency within a CHP-plant 
where the operating conditions changed radically. The methodology used has proven to be 
efficient and has been used to find several measures in order to improve the efficiency in the 
systems. No general tool has been used in order to identify the potential optimization areas, but 
different approaches to different types of components have been used. The basic methodology 
through this thesis was: analyzing the changes, defining the needed functions in the new system, 
pointing out the differences between the needed functions and the existing system, defining 
potential optimization areas and finally analyze the technical and economic feasibility and 
implementing these changes.   
 
To have a clear view of what the actual changes performed in the system are helps gaining 
understanding of how different components are affected by the changes. For the Mälarenergi P5 
system, the main changes in the system is the decreased condensate and feed water mass flow. 
Defining the necessary functions of the new system can be performed by the using the approach 
”How would this system be constructed if it was build today?”. By that approach only the 
necessary functions are taken into consideration and the system is constructed in the simplest 
way. In this study this was performed by using the program Solvo ®, calculating the mass 
balance for the new system. This were possible since the changes were made in the condensate 
system, the basic function of the steam cycle. For smaller changes, this type of calculation tools 
might be too rough and unprecise. 
 
When pointing out the differences between the previously identified needed functions and the 
existing system, a key in this thesis has been to identify the performance of the existing system, 
and then compare the two. For example, the needed pump capacity were already in the system, 
but the efficiency of the pumps has been decreased due to the changes in the system. The 
optimization potential is then to increase the efficiency of the operations after identifying the 
capacity need. Potential optimization areas are found when there is a significant difference 
between the existing system and potential system specified by the functioning demands. The 
actual optimization measures are then assessed and identified using different tools, theory and 
data depending on the component type.  
 
Analyzing the feasibility in implementing optimization measures can be performed differently 
depending on the desired parameters and demand put on the system. Mälarenergi is using cost 
analysis and energy savings as parameters for their business and therefore is investment 
calculations and potential energy savings are key numbers in this study. Other aspects could be 
technical conditions, decrease of maintenance, legal aspects and operations improvements. 
Operations improvements have been used to some extent when simplification of systems has 
been a factor.  
 
The potential energy efficiency measures is varying and depends on the component types. In 
general,  it can be stated that it is harder to reach economic feasibility in components not 
consuming energy. The economic potential in investing in smaller heat exchangers when the 
heat exchanging capacity demand is decreasing is low, since there is no net cash flow to earn 
from the smaller exchanger. Is the heat exchanging capacity demand increasing on the other 
hand, is it a technical demand to invest in larger capacity, and the heat exchanging in changed 
processes are hence affected.  
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Adjustable speed drives for pumps are important measures for pumps and keeping efficiency of 
pumps when mass flow is changing in the system. The adjustable speed drive can generally be 
used to keep the efficiency high when there are smaller changes in the system. This study shows 
that the efficiency of the pumps without adjustable speed drives have a much larger efficiency 
drop than the pumps with installed speed drives.  This is shown in the Mälarenergi plant for the 
hot condensate pumps and the feed water pumps. Without the already installed speed drive, the 
efficiency of the operations of the pumps would be much lower and the optimization potential 
essentially larger. Thanks to the adjustable speed drives the Mälarenergi plant is relatively well 
adjusted to the changes performed in the system. The new pump efficiency of the pumps with 
adjustable speed drives after the mass flow has been decreased with more than 50% must, 
however, be studied further. There are different theories of which formula best describes the 
new conditions of the pump. The answers of the different theories correlate, but are not 
identical. Further studies in this area are needed to set the efficiency level. A general conclusion 
could though be that the efficiency drop of the pump, is larger with the larger mass flow change.  
 
For larger equipment, more documentation and information about the component are available. 
Also, the availability of measurements and saved data is often higher compared to smaller 
components of the plant. Calculations and assumptions are then often more precise and detailed, 
than for smaller components. The assumptions get rougher the less information is available. 
Also, the age of the pump can affect the quality of the documentation and available product 
specifications. The demand for available operation data therefore increases when there is a lack 
of documentation.  

  



 

 
2017-06-12, Emma Wiesner 

 UPTEC ES 17 012, Uppsala University 

 

38 
 

 Conclusions 

The conclusion answers the given research questions, summarizes the results and summarizes the 
most important energy efficiency measures found in the study. A complete summary of the results is 
given in Appendix 2. Summary of investigated energy optimization measures.” 
 
The largest changes in the systems for condensate and feed water attached to boiler 5 are the 
change in mass flow. The feed water mass flow is decreased from 160 kg/s to 50 kg/s, the 
condensate mass flow is decreased from about 100 kg/s to 45 kg/s. This affects and decreases 
the total capacity demands in the systems pumps and heat exchangers. It does however, also 
affect the efficiency of the pumps in the systems. When mass flow is lowered to the extent, the 
characteristics of the pump does not match the operating conditions and efficiency is lost. 
Optimization measures to avoid this are to install adjustable speed drives or replace the pumps 
with better sized pumps in order to optimize the operations.  
 
This study investigated measures in order to optimize the processes for P5. A summary of the 
result tables presented in the result section, is found in Appendix 2. The study found that the 
following measures got economical potential and technical feasibility: 

- Cease operations of MP41 & MP43 
- Cease operations of HKP43 
- Cease operations of one of the VKP-pumps 
- Install adjustable speed drives on two of the VKP-pumps 
- Replace one of the SVKP-pumps, install a smaller pump, use SVKP41-43 as redundancy  
- Replace one of the SPKP-pumps, install a smaller pump, use SPKP41-43 as redundancy  
- Remove/detach OAT4 and quit pressure holding 
- Rearrange the direct heating circuit when G4 removed from the system 
- Rearrange the dilution water system when G4 removed from the system 

 
Investment in a new feed water pump, MP52 and replacing MP42 is only economically feasible if 
the number of operating hours exceeds 1500h. This would be true if something is wrong with 
MP51 and it needs to be shut down. An investment is not justifiable as long as MP52 is in 
operations, but could have potential in the future. The efficiency of HKP41/HK42 is thanks to the 
adjustable speed drives, kept high, and replacing the pumps is not economically feasible.   
 
The economic potential of replacing the cooling media for the leakage steam is about 4000-
11 000SEK/year depending on the number of operating hours. This economic potential is 
considered to be low, with respect to the large reconstruction needed in the system.  
 
The dilution water pumps have lost efficiency since they are dimensioned for a mass flow much 
larger than the current mean mass flow. This means that even though adjustable speed drives 
are installed the mean efficiencies are as low as 17% for SVKP and 40% for SPKP. Replacing the 
pumps in 2017 would have a payback time of 6 years for SVKP and 12 years for SPKP.  These 
investments got economically feasibility, but since the condensate system could be rebuild when 
G4 is removed, the long term investment would be to rearrange the dilution water system.  
 
There is optimization potential in removing the OAT4 from the help steam system, since the 
functions of OAT4 are not in use when P4 is not in operations. There is an optimization potential 
in reducing the pressure demand of the tank and detach the tank. Detaching the tank to the 
system is possible closing existing vaults and adding an extra vault to one of the pipe 
connections. The exact amount of energy saved by this action is not decided, but the measure is 
considered technically feasible. In general the oil system is over dimensioned for P5 and the size 
of the system could be reduced and still have capacity for P5-only. Further investigation is 
needed by Mälarenergi in order to decide whether the oil system is needed for P5.  



 

 
2017-06-12, Emma Wiesner 

 UPTEC ES 17 012, Uppsala University 

 

39 
 

 
The investment calculation shows that an investment in a new direct heater better optimized for 
P5, is economically feasible if the number of operating hours where the direct heater is replacing 
alternative energy production is somewhere in between 80-140h/year, depending on the 
investment cost. The duration diagram for the predicted energy production year 2020 shows 
that the approximate number of days when this is true, is 4 days per year. This means that the 
investment is about to be break even.  
 
When the turbine G4 is shut down, there is an economic potential to rearrange the remaining 
direct heating circuit. By simplifying the system, the operations can be simplified and several 
energy consuming components shut down. This action would save about 265 000 SEK/year in 
operation costs and about 745 MWh/year.  
 
The methodology through this thesis has been: analyzing the changes, defining the needed 
functions in the new system, pointing out the differences between the needed functions and the 
existing system, defining potential optimization areas and finally analyze the technical and 
economic feasibility and implementing these changes. This methodology has proven to be 
effective for this project and could be used for other project of this character, but further 
investigation is needed in order to establish a general approach. No general tool has been used 
in order to identify the potential optimization measures, but different approaches to different 
types of components have been used.  

  



 

 
2017-06-12, Emma Wiesner 

 UPTEC ES 17 012, Uppsala University 

 

40 
 

 Suggestions for further research 

Areas in need of more detailed research and found topics relevant for further investigation.  
 
There are several different formulas for the calculations of the new efficiency for a pump when 
adjustable speed drives are installed. This gives an uncertainty of the new efficiency and 
operations data needs to be used to set the new efficiency. More research is needed to establish 
the method the calculations to gain more certainty in this area, the Affinity laws must be 
complemented.  
 
Mälarenergi needs to have a system perspective of the fuel systems for the plants. Some fuels are 
used for several plants and some are no longer used as fuels. The oil system for P5 is largely 
oversized, it is possible to use oil for P5 but the usage has decreased and is relatively small for 
P5. Mälarenergi should initiate an investigation in order to analyze the need for oil in the plant 
to make a decision on how to further take actions in the oil systems. 
 
Other areas not mentioned in this report, but still affected by the changes made in the system of 
P5 are the cooling system and the electric components such as substations. These systems are 
shared for the entire plant and needs to be evaluated from a system point of view. These systems 
are affected by the decommissioning of P4 and need further investigation.  
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  Appendix 

Appendix 1. Connections to OAT4 and proposed actions for detaching OAT4 
Steam to OAT4 
4-4626 Vault help steam into OAT4 Close 
11-4396 Check vault drain into OAT4 Only check vault. New vault to seal 

the pipe.  
4-4155 Filling from KC4 into OAT4 Close, no filling needed 
Steam out of OAT4 
5-4706 Atomization steam to P4 Close 
5-4704 From OAT to ÅOF and OFV43 Close. When OFV43 needed help 

steam can be used from vault 5-
4629. ÅOF not in operation. 

5-4167 Drainage to OAS4 Close, no drainage needed 
5-4170 From OAT to SP4 Close, no drainage needed 
11-4194 Steam from OAT4 to help steam system Close 
AA001 Vault to level measurements Close 
AA002 Vault to level measurements Close 
AA010 High level leakage Close 
AA201 Vault to waste drainage Close or remain open for drainage 
Other functions 
5-4474 Safety vault OAT4 Not needed  
4-4289 Nanometer at OAT 4 Not needed 
5-4538 Venting at OAT4 Not needed 
4-4253 From help steam system to atomization 

steam P4 
Close, atomization steam not 
needed 

5-4703 From ÅOF to OFV43  Close, ÅOF not in operation 
5-4369 From help steam system to P4 burners Close, P4 not in operation 
5-4587 From help steam system to P4 burners Close, P4 not in operation 
5-4707 From help steam system to P4 burners Close, P4 not in operation 

 
Appendix 2. Summary of investigated energy optimization measures 

Results: Optimization area 1-5 

Opt. area Component Measure Potential 
1 Condensers VK41-

42 
No measure 130 MW needed, capacity of 

250 MW 
1 Low pressure feed 

water pre-heaters, 
FV41-43:1 

No measure 15 MW needed, capacity of 40 
MW 

1 Leakage steam 
heat exchanger 

District heating water 
used as cooling media 
in UK instead of 
condensate in LK.   

Energy saving 39 MWh year 
2020, 3900 SEK/year.  

1 High pressure 
condensate 
pumps, HKP41-43 

Using HKP41/42 
instead of HKP43, no 
measures for 
HKP41/42  

Pump efficiency is 78% instead 
of 55%, 551 MWh/year 2020.  

1 Warm condensate 
pumps, VKP41-43 

Install adjustable 
speed drives for 
VKP41-42 

Pump efficiency 80% instead of 
70%. Savings 68 MWh and 
24 000 SEK/year from 2020 

2 Feed water tank, 
FV44 

No measure 144 m3, 80 m3 needed. 

2 High pressure 
feed water pre-

No measure 2 lines of heat exchangers, only 
one line needed 



 

 
2017-06-12, Emma Wiesner 

 UPTEC ES 17 012, Uppsala University 

 

46 
 

heaters, FV45-47 
A&B 

2 Feed water 
pumps, MP41-43 
and MP52 

Investing in new pump 
MP52 to replace MP42. 

Pump efficiency 80% instead of 
65%. Economical feasible if 
operating hours exceeds 1500h.  

3 SVKP41-43 Replace one of the 
pumps to smaller 
model 

Pump efficiency 80% instead of 
20%. Payback time 6 years. 
Energy savings 9 MWh/year 
post-2020.  

3 SPKP41-43 Replace one of the 
pumps to smaller 
model 

Pump efficiency 80% instead of 
40%. Payback time 12 years. 
Energy savings 6.4 MWh/year 
post-2020. 

3 Rearranging 
dilution water 
system 

New pump +pipe 
system to transport 
dilution water directly 
from SVK4 to FV44.  

Increase of energy consumption 
of 10 MWh/year post-2020.  
Energy saving potential if direct 
heating system is rearranged.  

4 Oil pre-heaters, 
OFV41-43 

Further investigation 
needed 

 

4 Oil pumps, 
BOP41-44 

Further investigation 
needed 

Pump capacity needed is 7 
tones/h, pumps dimensioned 
for 64 tones/h.  

4 Atomization 
steam, OAT4 

Close vaults and install 
1 new vault to detach 
OAT4.  

Decreased need of help steam.   

5 Direct heater, 
DV42 

Invest in new direct 
heater, DV52 with 
larger capacity than 
DV42 

Economic feasibility if the 
number of operation hours, 
replacing alternative 
production, is greater than 80-
140 h.  

5 Direct heater 
circuit 

Rearrange district 
heating circuit after G4 
is removed from the 
system.  Dilution water 
system rearranged. 

Reduced pump capacities 
decrease energy consumption 
with 745 MWh/year after 2020, 
approximately 265 000 
SEK/year. 

 


