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Abstract 
The building sector has great potential for energy savings since it is responsible for nearly 
a third of the global energy use. As oil, coal and natural gas continues to hold a big share 
of the energy mix it is important to work towards introducing more renewable energy 
alternatives. For an energy supply system, it is common to use a multi-energy system to 
increase efficiency. By increasing efficiency and the use of renewable energies, the total 
energy consumption can be lowered, and emissions can be reduced. 

 
The purpose of this thesis was to design a multi-energy supply system for a high-rise 
building in Germany with low emissions. This was executed by constructing a simplified 
design used as a reference, also referred to as option 1, and two other designs with 
different energy sources, called design 1 and design 2. The design layout was 
constructed in collaboration with Transsolar. Design 1 is using a compression chiller and 
is presented as three different variants, option 2, 3 and 4. The three options were 
created to evaluate the pros and cons of a larger cold water storage tank and sizing of 
the compression chiller. Design 2, option 5, is using an absorption chiller and this option 
was created to investigate the opportunity to use district heating. Simulations were 
made of the designs with the simulation tool TRNSYS and presented in graph form. 
Values provided from the simulations were then used to calculate emissions, investment 
costs and net present value over a period of 40 years. For the net present value, three 
different variants were presented. One without carbon costs taken into consideration, 
one with low carbon costs and one with high carbon costs. The result was evaluated, 
and comparisons were made to suggest the most sustainable option for the building. 

 

The result of design 1, which has a natural gas boiler for peak heating demand and a 
compression chiller as cold energy source, shows that the chiller produces a higher 
capacity compared to the installed value during the summer and a lower value during the 
winter. The norm capacity of the chiller in design 1 was 175 kW when combined with a 
larger cold water storage and 410 kW with no cold water storage. Comparison of those 
options showed that it is economical to install a cold water storage since the investment 
cost of the chiller is lowered. However, it also showed that a higher capacity of the chiller 
lowered the need for the gas boiler, because of the parallel heating and cooling 
characteristic of the chiller, which reduces emissions. Another option was made with a 
larger cold water storage implemented and an over dimensioned capacity of 340 kW for 
the chiller to reduce the gas needed for heating. For the option with the 175 kW 
compression chiller the gas boiler needed to supply 15% of the heating load of the 
building, while the option with the 340 kW compression chiller needed 3% of the 
buildings heating load to be provided by the gas boiler. This decrease in the gas boiler 
dependency reduced the emissions for heating from 52 ton/year to 41 ton/year, while 
still having comparable cost over time with low carbon costs and lower cost with high 
carbon costs. Therefore, the option with an over dimensioned chiller with an 
implemented big cold water storage is the favourable one, since it has the lowest 
emissions of the options of design 1 and is economically justifiable. 

 

Design 2 has one of lowest investment cost and the lowest emissions which was 61% 
lower than the reference design and 19% lower than design 1. With higher carbon costs 
option 5 is the cheapest, otherwise it is relatively similar to the other options. Hence, 
Design 2 is the system that is suggested to use for the building. 



Sammanfattning 
Byggnadssektorn står för nästan en tredjedel av den globala energianvändningen och har 
därför stor potential till energibesparing. Eftersom en stor del av energimixen består av 
olja, kol och naturgas är det viktigt att sträva mot att introducera mer hållbara 
energikällor. För ett energisystem är det vanligt att använda sig av mer än en energikälla 
för att öka effektiviteten. Med ökad effektivitet i kombination med förnyelsebara 
energikällor kan den totala energikonsumtionen, samt utsläppen, minska. 

 
Målet var att designa ett energisystem med fler än en energikälla och låga utsläpp för ett 
höghus i Tyskland. För att göra det konstruerades en förenklad design, också kallad 
option 1, som användes som en referensdesign samt två andra designer, kallade design 1 
och design 2, med olika energikällor. Designförslagen togs fram i samarbete med 
Transsolar. Design 1 använder sig av en kompressionskylmaskin och har tre olika 
varianter, option 2, 3 och 4, som gjordes för att utvärdera för- och nackdelar med en stor 
kallvattentank för energilagring och för att bestämma storleken på 
kompressionskylmaskinen. Design 2, option 5, använder sig av en absorptionskylmaskin 
och skapades för att undersöka möjligheten att använda sig av fjärrvärme. Simuleringar 
gjordes för design 1 och 2 med hjälp av simuleringsverktyget TRNSYS där resultatet 
presenterades i grafer. Värdena tagna från simuleringarna användes till att beräkna 
utsläpp, investeringskostnad och nuvärdet för den totala kostnaden över 40 år. Nuvärdet 
beräknades utan att ta emissionskostnader i åtanke, med en lägre emissionskostnad 
samt med högre emissionskostnad. Resultatet utvärderades och jämfördes för att kunna 
framföra ett förslag om vilket av alternativet som passar byggnaden bäst. 

 

Resultatet från design 1, som har en naturgaspanna för att försörja toppvärmebehovet 
och en kompressionskylare för kylbehovet, visar att kompressionskylaren uppnår en 
högre kapacitet jdän den installerade kapacitet under sommaren och lägre kapacitet 
under vintern. För varianten med en större kallvattentank kunde kylarmaskinens 
kapacitet bestämmas till 175 kW medan den behövde en kapacitet på 410 kW för 
varianten med en liten kallvattentank. Vid jämförelse av de två varianterna visas att 
kostnaderna minskades för alternativet med kallvattentanken eftersom den krävde en 
lägre kapacitet för kompressionskylaren. Däremot visades det att utsläppen minskar vid 
användning av en större kylmaskin eftersom det minskar värmebehovet från gaspannan 
eftersom kylaren kyler och värmer parallellt när den är i drift. Den tredje varianten som 
både använder en stor kallvattentank samt en överdimensionerad kylare på 340 kW 
skapades för att minska gasanvändningen. Alternativet med en kylare på 175 kW 
behövde att 15% av värmebehovet kom från gaspannan, medan kylaren på 340 kW 
behövde att 3% av värmebehovet kom från gaspannan. Reduceringen av 
gasanvändningen sänkte utsläppen från 52 ton CO2-ekv./år till 41 ton CO2-ekv./år, med 
en jämförbar kostnad över tid med ingen eller låg emissionskostnad och lägre kostnad 
över tid med hög emissionskostnad. 
Alternativet med en stor kallvattentank och överdimensionerad kompressionskylare är 
därför det mest passande alternativet av design 1 eftersom den har lägst utsläpp medan 
den är ekonomiskt försvarbar. 

 

Design 2 har en av de lägsta investeringskostnaderna och har lägst utsläpp som är 61% 
lägre än referensdesignen och 19% lägre än design 1. Med högre emissionskostnader är 
design 2 billigast, annars har den jämförbara kostnader. Därmed föreslås att byggnaden 
ska använda design 2. 
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Nomenclature 
 

 
COP Coefficient of performance 

𝑸̇ 𝒙 

 

Heat capacity energy flow of component x. 

𝒎̇ 𝒙 

 

Mass flow of fluid in component x. 

𝒄𝒑,𝒙 

 

Heat transfer capacity of fluid in component x. 

𝑻𝒊,𝒙 

 

Temperature at the inlet of component x. 

𝑻𝒐,𝒙 

 

Temperature at the outlet of component x. 

𝑹𝒕 

 

Difference in the cash inflow and outflow during a period t. 

𝒊 
 

Discount or rate of the investment. 

 
   GFA  
 
 

 
Gross floor area. 
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1 Introduction 
This master thesis in energy engineering is made in collaboration with Transsolar 
Energietechnik GmbH, commissioned by Umeå University. The thesis will investigate and 
compare three designs for a heating and cooling supply system of a planned high-rise 
building in Germany. The designs will be evaluated and compared to estimate the most 
suitable option for the building from an economical and sustainable perspective. 

 
1.1 Background 
The world primary energy consumption is continuously increasing, with a growth rate of 
1.3% over the year of 2019. Oil continues to hold the largest share of the energy mix, 
followed by coal and natural gas [1]. These energy sources are associated with higher 
environmental impact in terms of CO2 emissions compared to more sustainable 
alternatives; hence it is essential to introduce more renewable energies in energy 
systems to achieve the goals of sustainable development. The building sector is 
responsible for nearly one third of the global energy use which therefore hold a great 
potential for energy savings [2]. 

 
To increase the efficiency of an energy system it is common to use multi-energy systems 
which provides a flexible supply technology for heating, cooling and electrical energy 
demands of a building. These systems utilize a variation of combined energy sources, 
such as geothermal energy, solar energy, wind energy, biomass, natural gas etc. It is 
preferable to use renewable energies in these systems since the emissions of greenhouse 
gases then can be decreased, and low-carbon economy can be introduced [3]. 

 
In this thesis work three designs of a heating and cooling system for a building will be 
presented. The base area of the planned building will accommodate a 2-storey train 
station concourse with shops and administrative rooms. Separated and on top of the 
train station, it will be a narrow high-rise cube with planned office spaces. The building is 
in Germany, in a city called Ingolstadt. 

 
One of the three designs will be used as a reference design and no simulations will be 
executed for it. The reference design is a simple design where the entire heating energy 
supplied to the building comes from a natural gas boiler and the cooling energy supplied 
to the building comes from a compression chiller. The energy supply system is in other 
words not connected in a system layout and the gas boiler and compression chiller is 
separate from each other. This reference option was created upon request by the 
collaborating company. 

 

The other two designs will be designed with a more strategic layout with additional 
components to ensure better operation conditions for the energy producing 
components, in other words make the energy system more efficient. One of the designs 
will have a compression chiller as its main energy source to supply the cooling demand 
and a natural gas boiler for the peak heating demand, same as in the reference design 
but with other sizing and additional components. This design will be referred to as design 
1. The last design is constructed with an absorption chiller as its main energy source for 
supplying the cooling demand. To supply the peak heating demand, it will use district 
heating. This will also be the energy source for the absorption chiller. This design 
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will be called design 2. The two designs, design 1 and design 2, will be constructed as 
simulation models. For design 1 three different variations will be presented. 

 
1.2 Objectives 
The purpose of this thesis was to optimize the energy and environmental performance of 
an energy supply system for a planned building to increase sustainability. This was done 
by comparing the simulation results from the different designs of the energy supply 
system. The performance of the different component combinations was compared and 
based on environmental and economic aspects so that a preferable design of the supply 
system could be chosen. 

 
The aims of this thesis were to: 

 

• Build the simulation models for the system designs and evaluate the results 
reliability. 

 
• Develop control strategies for the different operating modes of the energy 

supply system. 

 
• Calculate the yearly emissions during operation to compare the options. 

 

• Calculate the investment costs and net present value for the options. 
 

• Suggest which design of the energy supply system that is preferable based 
of environmental and economic aspects. 

 
1.3 Scope and limitations 
One of the system designs will be used as a reference design for comparison and no 
simulations of the design will be executed. The emission and economical calculations 
for the design may therefore vary from reality and a simulation may had given a more 
reliable result. However, since it is used as a reference for discussion of the other 
options, and was never an option for construction, simulations of the reference design 
would be excessive in the given time frame. This reference design was upon request by 
the collaborating company. 

 

One of the system designs, referred to as design 1, were the initial suggestion for the 
heating and cooling system for the building from the company. Variations of design 1 will 
be presented. The second design, referred to as design 2, will not have any variations 
presented in this thesis work. This because of the limited time frame and of the pre 
decided maximum capacity of the cooling component in the design set by the company 
due to design requirements and availability on the market. 

 
For building the simulation models and creating the components of the systems, simple 
mathematical models will be used for the ones that are not handed by the company. 
Notice that this simplification may have an impact on the results but is done due to the 
time frame of this thesis and that the focus lies on comparing the different designs to 
each other. 
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Since this thesis work is done based on simulations of a system for a building that has not 
yet been built the result will vary from the result after construction. Energy losses in the 
pipes will not be considered since the length and complexity of the pipe system is not 
known. Also, the weather data input will vary from the upcoming years. However, the 
weather data is simulated to be representative for an extremely hot and extremely cold 
year and will therefore give a relatively good overview for the evaluation and comparison 
of the designs. 
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2 Theory 
In this section the theory of the different components and elements of the project is 
explained to gain further knowledge about how they are implemented. 

 
2.1 Chillers 
A chiller can remove heat from a liquid via a vapor-compression or absorption 
refrigeration cycle [4]. The two cycles will be explained further in this section as well as 
the characteristic equations used for the absorption chiller simulation model. 

 
Vapor-compression refrigeration cycle 
The components of the vapor-compression refrigeration cycle and the refrigerant’s 
different states in a pressure-enthalpy diagram is shown in figure 1. The cycle consists of 
a compressor, a condenser, an expansion valve, and an evaporator. The refrigerant 
enters the compressor as saturated vapor at state 1 where it is compressed isentropically 
to the condenser pressure. During this process the temperature of the refrigerant rises 
high above the temperature of the surrounding medium. Then, as superheated vapor, 
the refrigerant enters the condenser at state 2 and because of heat rejection to the 
surrounding, leaves as saturated liquid at state 3. By passing it then through an 
expansion valve the refrigerant is throttled to the evaporator pressure. During this 
process the temperature of the refrigerant decreases below the temperature of the 
refrigerated surrounding. The refrigerant enters the evaporator at state 4 and 
evaporates completely when absorbing the heat from the surrounding medium. 
Completing the cycle, the refrigerant leaves the evaporator as saturated vapor and re- 
enters the compressor [5]. 
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Figure 1. Schematic and pressure-enthalpy diagram of the ideal vapor-compression refrigeration cycle. 
 

 
Absorption refrigeration cycle 
Figure 2 shows the components of a simple absorption refrigeration cycle. The two cycles 
look similar, except that the compressor is replaced by an absorption device, a thermal 
compressor, also referred to as a desorber. The absorption device consists of an 
absorber, a pump, a generator, and an expansion valve. This device rises the pressure of 
the refrigerant and then enters the same cycle as the refrigerant does in the vapor- 
compressor cycle [5]. 
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Figure 2. Schematic of the absorption refrigeration cycle with its different pressure states that can be compared to the 
ones in the compression refrigeration cycle. 

 

 
Characteristic equations – Absorption chiller 
To describe the performance characteristics of an absorption chiller a simple model of 
equations may be used. The characteristic equation method focuses on the thermal heat 
exchange and temperature differences in the four major components of the absorption 
chiller: the compressor, the generator, the evaporator, and the absorber. In this thesis, 
there will not take account for the internal process of the chiller, but instead the focus 
will leigh on the external energy exchange of the three loops of the condensor, 
desorber, and evaporator. The heat transfer equations are therefore 

 

𝑄𝑐    = 𝑚 𝑐 𝑐𝑝,𝑐 (𝑇𝑖,𝑐  − 𝑇𝑜,𝑐 ) (1) 

𝑄𝑑    = 𝑚 𝑔𝑐𝑝,𝑑 (𝑇𝑖,𝑑  − 𝑇𝑜,𝑑 ) (2) 

𝑄𝑒    = 𝑚 𝑒 𝑐𝑝 ,𝑒(𝑇𝑖 ,𝑒  − 𝑇𝑜,𝑒 ) (3) 

The heat transfer, mass flow, thermal heat capacity and temperature is denoted 𝑚 , 𝑐𝑝 

and 𝑇, respectively. The indexes c, d and e represent the components: condenser, 
desorber and evaporator. The index i and o stands for input and output [6]. 

 
The coefficient of performance (COP) of the absorption chiller is defined by [6], 

 

𝐶𝑂𝑃 = 𝑄𝑒   /𝑄𝑑   , (4) 

The heat transfer for the condenser can also be extracted from 
 

𝑄𝑐    = 𝑄𝑒    + 𝑄𝑑    + 𝑄 𝑒𝑙,                                                   (5) 
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where 𝑄 𝑒𝑙 is the heat transfer from the electrical pump in the absorption chiller [7]. 

 

2.2 District heating 
A district heating system is a network of insulated pipes that transport hot water from a 
heating plant, centrally located, to residential and commercial buildings. The network is 
said to have a primary network that supply the customers with hot water from the 
heating plant, a secondary network that is usually located in the building that transfer 
the hot water to the end-user (heating of radiators, domestic hot water production) and 
a substation that connects the primary and secondary network. To heat the water in the 
heating plant a wide option of energy sources is possible. There is a primary energy 
source and a secondary energy source. The primary energy source is energy contained 
with raw fuels as an input, for example solar, geothermal, biomass or fossil fuels. The 
secondary heat supply is excess heat from industrial processes that can be fed into the 
network [8]. 

 

District heating is not as common in Germany compared to a lot of other European 
countries. In 2017 6% of the residential and commercial heating demand came from 
district heating. The main energy source of the district heating production in Germany is 
fossil fuels [9]. In 2017 the district heating energy sources in Germany were divided 
between: natural gas (47%), coal (28%), waste (14%), renewable (7%) and other (about 
5%) [10]. 

 
2.3 Thermal energy storage 
In the case of a fire in a commercial building there is a need for a sprinkler system. The 
water for the sprinkler system is stored in one or maximum three sprinkler tanks, for 
which the volume is decided after building regulations [11]. For the building in this 
thesis a sprinkler tank of 400 m3 is a comparable size to use, by consulting with the 
company.  

 

A sprinkler tank will be used in this project as thermal energy storage in the form of a 
cold water storage. Thermal energy storage is implemented into the system so that the 
excess energy can be stored and extracted by a heat exchanger system that is connected 
to the sprinkler tank. Using the stored energy help reduce peak loads [12]. 

 
2.4 Heat sink and low temperature source 
The energy system design options investigated in this thesis work all contain heat sink 
and low energy sources for the chiller. The cold water storage can be used as a low 
temperature source and the hot water storage can be used as a heat sink when 
combined with other components. However, when the capacities for the storages cannot 
supply the needed low temperature source or work as a heat sink the design options use 
combinations with sewage water heat exchangers, cooling tower and exhaust air heat 
recovery. Sewage water heat exchangers, cooling towers and ventilation systems with 
exhaust air heat recovery through a heat exchanger will be further explained in this 
section. 

 
Sewage water heat exchanger 
Wastewater, such as urban sewage and water used in domestic and industrial buildings, 
contains earlier wasted energy that can be attained with specially designed heat 
exchangers [13]. The temperature of the wastewater varies from around 10°C to around 
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22°C, over the year. In the winter the temperature mean is around 14°C and in summer 
the mean is around 20°C [14]. It will therefore be used as both a low temperate source 
and as a heat sink in this thesis work. 

 
Cooling tower 
A cooling tower can be used as a heat sink option. Water with excess heat is brought into 
the cooling tower where an airflow extract heat from the water. The water naturally 
evaporates into the air until the air reach a 100% humidity which moves energy from the 
water and cools it to a lower temperature. With a steady airflow the air takes the heat 
with it out into the atmosphere while providing the tower with new air [15]. A cooling 
tower will be used in design 2. 

 
Centralized ventilation with exhaust air heat recovery 
Typical strategies for ventilation systems are decentralized and centralized ventilation, as 
well as a combination of the two [16]. A visual comparison between the three 
ventilation options is showed in figure 3. 

 
 

 
Figure 3. Comparison of centralized (left), decentralized (right) and a centralized ventilation system with exhaust 
air heat recovery (centre) [17]. 

 

 
A decentralized ventilation (DV) system supplies outdoor air into the building through 
compact air-handling units. The DV system in comparison to a centralized ventilation (CV) 
system does not supply and exhaust the air through ducts. Therefore, the DV system has 
a much shorter passage of air distribution which makes regulation of heat exchange and 
fan control for individual rooms possible. From an energy perspective the DV systems 
have a lower energy demand than the CV systems [16]. 

 
In this project a combination of the two will be used by having a centralized ventilation 
system with heat recovery on the exhaust air. In Germany this approach is commonly 
used in commercial buildings [17]. A centralized ventilation system with exhaust air heat 
recovery supplies outdoor air into the building via the facade, the floor, or the ceiling. 
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The ventilation system then exhaust air through a centralized exhaust system up to the 
roof where thermal energy of the air is being recovered through a heat exchanger [16]. 

 
2.5 Emissions and costs 
In the evaluation of the impact by the increased concentration of carbon dioxide in the 
atmosphere, it is necessary to include all the greenhouse emissions. The damaging 
emissions is not only the CO2-emissions, therefore limiting the rating to only those 
emissions would give an unfair representation. To give a more realistic view of the total 
emissions the additional emissions is recalculated into equivalent CO2-emissions [18]. 
The emissions equivalent CO2-emission value is depended by its Global Warming 
Potential (GWP), which is different depending on the greenhouse gas and based of its 
concentrated impact on the atmosphere [19]. 

 
The energy sources and components used in this thesis can be seen in table 1 with their 
specific CO2-emissions, specific investment costs, specific energy costs and life spans. 
The values are taken from the excel tool, which is created by Transsolar and used for 
calculations of emissions and costs. In the excel tool it is assumed that the energy 
costs for electricity, district heating and natural gas are increased with 5% per year. 
The increase in price for CO2-emissions and change of amount are not included.  

 
Table 1. The components with their specific CO2-emissions, specific investment costs, 
specific energy costs and life spans. 
 Specific equivalent 

CO2-emission 
[g/kWh] 

Specific investment 

cost [€/kW] 

Specific energy 

cost [€/kW] 

Life span [Years] 

Electricity 350 0 0.22 - 

Natural Gas 273 100 0.133 20 

District Heating 50 100 0.061 30 

Absorption Chiller 76 1140 0.093 20 

Compression Chiller 80 600 0.05 15 

Exhaust Air Heat 

Exchanger 

64 0 0.04 20 

Cooling Tower 14 200 0.009 20 

Sewage Water Heat 

Exchanger 

9 1000 0.006 50 

Instalment 

connection to 

sprinkler tank 

0 1500 0 30 

 
The price rate for carbon dioxide emissions varies depending on the current number of 
emissions. The recommended price in the year of 2020 is 195 €/ton CO2-eqv or 680 
€/ton CO2-eqv. When calculating with 195 €/ton CO2-eqv it is with the assumption that 
the current and future usage of the greenhouse gases will be lower in the future than 
compared to today with a rate of 1% yearly decrease. However, if the 680 €/ton CO2-eqv 
is used, it is assumed that there will be no change in the total emissions in the future 
[20]. 

 

The net present value (NPV) is used to analyse how profitable an investment is. It is 
calculated by 

 

𝑁𝑃𝑉 = ∑𝑛 
𝑅𝑡         , (6) 

𝑡=1 (1+𝑖)𝑡 
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where 𝑅𝑡 is the difference between the cash inflow and outflow over the duration of a 
period 𝑡 and 𝑖 is the discount or return rate of the investment [21]. 

 
2.6 Dimensioning of components 
One strategy for dimensioning components in an energy system is to use a rule-based 
strategy. This is done by defining and applying rules for the systems different 
components. For a heating and cooling system that usually means that the system is 
sized in proportion to expected full load hours or so that a decided portion of the basis 
load should be covered. Dimensioning the components after the total thermal energy 
demand is suitable since the energy output of a component is not commonly known 
before simulations of the system [22]. Rule-based strategy demands a basis knowledge 
for the subject and the regarding components, which usually comes from earlier 
experience. It is therefore also called expert or knowledge-strategy [23]. In this thesis, 
the knowledge about dimensioning components will be provided by the company. 

 
2.7 Building description 
The combined train station and office building, illustrated in figure 4, will be 60 m high 
and hold a GFA of 18 000 m2. Operable windows in the ceiling will provide ventilation for 
most of the year and to maintain thermal comfort the supply air is tempered in both cold 
and hot seasons by so-called ’supply air convectors’ installed in the facade. To avoid a 
central ventilation system the exhaust air flows over the core areas and is discharged 
centrally with heat recovery. 

 

 

Figure 4. Illustration of the high-rise building. 
 

 

In this project, the energy demand of the building has already been simulated and is 
provided by Transsolar. The buildings total heating demand over the simulated year that 
the energy supply system needs to provide is 361 MWh and the total cooling demand for 
the simulated year is 267 MWh. This can be seen in figure 5. 
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Figure 5. The buildings energy demand for heating and cooling. 
 

 

The yearly peak heating and cooling demand was 600 kW respectively 520 kW. A load 
duration curve of the heating and cooling load is presented in figure 6. 

 

 

Figure 6. Load duration curve of the buildings heating and cooling load. The red line represents the heating load and the 
blue line represent the cooling load. 
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3 Methodology 
In this section the methodology of the energy supply systems will be explained. The 
thesis will compare results from five options. The components which are used in each 
option is presented in table 2 below. Option 1 is a basic energy supply system used as a 
reference design for comparison upon request from the company, option 2-4 is different 
variants of a supply system using a compression chiller and option 5 is using an 
absorption chiller. The prefixed capacity of the absorption chiller and the sizes of the hot 
and cold water storage was due to design requirements and availability on the market, 
also from the company. The reason for the two specific values of the cold water storage 
is the idea of that the building would need a sprinkler tank for fire safety reasons and 
thereby the results could show how a sprinkler tank would impact the results. The reason 
for not studying different sizes of the hot water storage is due to design requirements 
and previous knowledge by the company and thereby decided excessive in this time 
frame. Each option will be further explained in section 3.1-3.3. In Section 3.4 the 
economic and emission calculations is explained. 

 
Table 2. The five energy supply options and their components are presented as well 
as the pre-decided size of the absorption chiller, cold and hot water storage. 

 
 
 
 
 
 
 

 
 

 
Reference 

 
 

 
option 1 

 
[kW] 

 
x 

 
[kW] 

 

 
[kW] 

 
x 

exchanger 

[kW]            [kW] 

 

 
[m³] 

 
[m³] 

 
[kW] 
 

      x 

Recovery 
[kW] 

 

Design 1 option 2 x  x x 10 400  x 

Design 1 option 3 x  x x 10 10  x 

Design 1 option 4 x  x x 10 400  x 

Design 2 option 5  x x 160 10 400 x x 

 

 
To evaluate the heating and cooling system options for the building, two simulation 
models were constructed. Software used for the simulation model were yEd [24], Ultra 
Edit [25] and TRNSYS 18 [26]. The components and the connections between the 
components were drawn in yEd. The yEd files was read by Ultra Edit, where the 
components input, controls and equations were defined. The input files were then 
simulated with TRNSYS. 

 
Data provided by Transsolar was: 

• Load data for the heating and cooling demand of the building 

• Weather data for the local area of the building 

• Component templates in Ultra Edit for commonly used components with 

implemented performance data 

• Defining values for the absorption chiller obtained from the manufacturer of the 

pre-decided chiller model (a constant COP value of 0.7 and an installed cooling 

capacity of 160 kW) 

• Temperature range for the sewage water (assumed to range from 10-22°C as a sinus 

curve with lowest value in winter and highest in summer) 

• Temperature for the exhaust air (assumed to be constant 22°C) 

• Margin of error for the system energy balance 
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Both simulation models were made in a step-by-step approach where the first version of 
the simulation model consisted of the most basic components. Additional components 
were then connected to the system one by one to ensure correct input values and 
controls. When implementing the components into the simulation model different 
variables were controlled to assure that the recently added component behaved as 
expected. When the mass flows, energy balance and temperatures showed reasonable 
values the simulation model assumed to be working properly. That meant steady mass 
flow for each loop, the systems total energy balance equal to zero and that the 
temperatures were in expected ranges for the system. A margin error of 2% was 
accepted for the energy balance. 

 
3.1 Option 1 – Basic System 
Option 1 refers to a simple energy supply system of a compression chiller that feeds the 
total cooling demand of the building and a gas boiler that feeds the total heating 
demand. This option is not simulated as its capacity of the two energy supply 
components are set to the peak load that the building simulation provides. This option is 
going to be used as a reference value for the calculations of the economic and emission 
analysis upon request by the company. The COP of the compression chiller was 
considered constant during the calculations. See figure 7 for the idea of the system 
layout. 

 
 

Figure 7. The idea of the system layout for the reference option, option 1. 
 

 

3.2 Design 1 – Compression Chiller 
The energy supply system using a compression chiller is referred to as design 1. This 
design will be divided in to three different variants, referred to as option 2, 3 and 4. This 
is done to investigate the different storage sizes impact on the overall system. The three 
options are simulated with the same simulation model. The operating modes of the 
simulation is working equal for the three options as they are using the same components 
and will be explained in Operating modes. The difference between the options is the 
dimensioning strategy of the components and are respectively explained in Option 2, 
Option 3, and Option 4. 

 
The construction of the simulation model was made by a trial-and-error-approach. To 
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begin with the compression chiller was set up to work as desired for cooling and then the 
next step was to optimize the control to enable the chiller to work in heating mode as 
well. All the options use a sewage water heat exchanger as a low temperature source 
and heat sink. The three options can also use an exhaust air heat recovery system as a 
low temperature source. Moreover, design 1 is planned to use a natural gas boiler for 
peak heating load and that the capacity of the chiller is dimensioned to feed the total 
demand of the cooling load. Therefore, the simulation model was controlled to not have 
any auxiliary cooling. 

 
When the heating mode and cooling mode for the compression chiller worked as desired 
the other components was implemented. A connection with manifold pipes was made to 
connect a heat exchanger that recovers heat from the exhaust air of the building’s 
ventilation. The exhaust air heat exchanger was installed so that it can be used as a low 
temperature source. 

 
Simulation model 
The simulation model of design 1 consists of the following system elements. The system 
layout is given in figure 8. 

 

• Compression chiller (CC1) 

• Sewage water heat exchanger (ABW1) 

• Hot water storage (STO1) 

• Cold water storage (STO2) 

• Exhaust air heat recovery system (EXA1) 

• Auxiliary heating (AUXH1) 

• Auxiliary cooling (AUXC1) 
• Heat exchanger between the sewage water heat exchanger and hot water 

storage circuit (PWT1) 

• Heat exchanger between the compression chiller and cold water storage circuit 
(PWT2) 

• Heat exchanger between the exhaust air heat recovery system and the cold water 
circuit (PWT3) 

• Pumps (PMP1, PMP2, PMP3, PMP5) 

• ’Path switch’ to operate the flow direction in the system (SCP1, LSC1, TOU2) 
• Flow mixer to ensure the required temperature of the fluid fed to the building 

and to recover energy (MIX1, MIX3) 

• Manifold circuit connector (MAN1, MAN2) 

• Heating load of the building (HT1) 

• Cooling load of the building (CL1) 
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Figure 8. System layout of the simulation model for design 1. 

 

 

Operating modes 
The energy supply system can be operated in four modes, so called statuses. The first 
status is to operate the compression chiller as a heat pump. This status activates when 
there is a heating demand and no cooling demand, with other words the hot water 
storage is required to be heated. What happens is that the sewage water heat exchanger 
is used as a low temperature source and supplies the evaporator side of the chiller. The 
generated heat that rejects from the condenser side of the chiller heats the hot water 
storage which can then feed the buildings heating demand. If the heat demand exceeds 
the generated heat by the chiller the auxiliary heater provides the difference. The power 
required by this component is used to size the capacity of the gas boiler. In appendix A 
the active components of this status are shown. 

 
The second status is when there is a heating demand and cooling demand 
simultaneously. The exhaust air heat recovery system will then act as a low temperature 
source. Low temperature water will feed the evaporator side of the chiller and the 
returning chilled water from the evaporator can then feed the cooling demand of the 
building. The process of the condenser side of the chiller is the same as in status 1. The 
active components are shown in appendix B. 

 
The third status is for free cooling. The conditions for this mode to be activated is that 
there is a cooling demand and that it can be fed by the sewage water by its own, in this 
case when the temperature in the cold water storage is higher than the outlet 
temperature of the sewage water heat exchanger. The sewage water will then cool down 
the cold water storge directly and feed the cooling demand of the building. The auxiliary 
cooling component will fill the difference if the cooling demand cannot be met. This 
component is used in this design to measure that the system will not need any additional 
cooling and that the capacity of the chiller is sized correctly to feed the total cooling 
demand. Appendix C shows the active components of this status. 

 
The fourth status is when the cooling demand cannot be provided by free cooling, the 
compression chiller activates. In this mode the sewage water will feed the condenser 
side and the returning heated water will be rejected to the sewage. The chilled water on 
the evaporator side will cool the cold water storage and the cooling demand of the 
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building can be fed. The auxiliary cooling will operate in the same way as in status 3. In 
appendix D the active components of the fourth status can be found. 

 
Option 2 
Option 2 was modelled to minimize the investment costs. The capacity of the chiller was 
to be minimized so that it could feed the total cooling load and the heating load was not 
considered. This option uses a larger cold water storage and thereby the idea was to see 
how small the capacity of the chiller could be compared to option 3 that uses a smaller 
tank. The power of the auxiliary heating component was used to set the capacity of the 
gas boiler and was expected to be higher than in option 3 and 4. 

 
Option 3 
In option 3 the simulation was run with a smaller size of the cold water storage, equal 
the size of the hot water storage. This was done to investigate the impact of the storage 
size compared to option 2. So, when sizing the chiller, the capacity was set to avoid 
auxiliary cooling and because of the smaller cold water storage the expectations were to 
need a larger capacity than in option 2. As a result of this the expectations were that the 
gas boiler would be smaller and thereby also the emissions connected to natural gas. 

 
Option 4 
The idea of option 4 is to combine the results from option 2 and 3 to receive a variant 
that both considers lower investment costs and lower emissions. So, both consider the 
expected idea to use a smaller capacity of the chiller due to the larger cold water storage 
but also consider decreasing the amount of auxiliary heating needed. With other words, 
the idea was to oversize the capacity of the compression chiller to need a similar amount 
of auxiliary heating as in option 3. This was done with a trial-and-error approach. 

 

For all three options the sizing of the compression chiller were made by a trial-and-error 
approach. 

 
3.3 Design 2 – Absorption Chiller 
The energy supply system using an absorption chiller is referred to as design 2. This 
design will be presented as one variant, referred to as option 5. This option is an 
alternative design to investigate the opportunity to use DH as a heat source. Since there 
was no previous defined component for an absorption chiller, a new component was 
defined in Ultra Edit based on equation 1 to 5. The COP was set to a constant value of 0.7 
and the heat transfer for the electrical pump was set to 5% of the heat transfer of the 
evaporator. The value of the maximal heat transfer of the evaporator was set to 160 kW. 
These specific values were due to design requirements from the company. 

 
Like in design 1, the construction of the simulation model was made by a trial-and-error- 
approach. Initially, it was ensured that the absorption chiller worked as desired for 
cooling and then the next step was to optimize the control to enable the absorption 
chiller to satisfy the heat demand. When running in heating mode, the absorption chiller 
uses the exhaust air heat recovery combined with the cold water storage as a low 
temperature source. Moreover, design 2 is planned to use district heating for peak 
heating load. Therefore, the simulation model was controlled to not have any auxiliary 
heating. 
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When the heating mode for the absorption chiller worked as desired the last changes to 
the design was made. A cooling tower was connected by manifold pipes between the 
storage and the load on both the cooling side and the heating side of the system. A path 
switch was installed to redirect the flow from the cooling tower to the cooling load, to be 
able to use free cooling, and to the warm water storage when heat sink was needed. A 
similar connection with manifold pipes was then made to connect a heat exchanger that 
recovers heat from the exhaust air of the building’s ventilation. The exhaust air heat 
exchanger was installed so that it can be used as a low temperature source and as heat 
sink. 

 
Simulation model 
The simulation model of design 2 consists of the following system elements. The system 
layout is given in figure 9. 

 

• Absorption chiller (ABS1) 

• DH distributer (DH1) 

• Hot water storage (STO1) 

• Cold water storage (STO2) 

• Exhaust air heat recovery system (EXA1) 

• Wet cooling tower (RKW1) 

• Auxiliary heating (AUXH1) 

• Auxiliary cooling (AUXC1) 

• Heat exchanger between the absorption chiller and cold-water storage circuit 
(PWT1) 

• Heat exchanger between the DH circuit and the hot water circuit (PWT3) 
• Heat exchanger between the exhaust air heat recovery system and the cold/hot 

water circuit (PWT4) 

• Pumps (PMP1, PMP2, PMP3, PMP4, PMP5, PMP6) 

• ’Path switch’ to operate the flow direction in the system (LSC2, TOU1, TOU2) 
• Flow mixer to ensure the required temperature of the fluid fed to the building 

and to recover energy (MIX1, MIX3) 

• Manifold circuit connector (MAN1, MAN2) 

• Heating load of the building (HT1) 

• Cooling load of the building (CL1) 
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Figure 9. System layout of the simulation model for design 2. 
 

 

Operating modes 
Like design 1 the system can be operated with different statuses, in this design there are 
also four. The first status is to use DH directly as a heat source, which is possible when 
there is a heating demand, and that the cold water storage combined with the exhaust 
air heat recovery is not an option as a low temperature source. What happens is that hot 
water from DH feeds the heat exchanger that connects to the hot water storage loop and 
heats the hot water storage tank, which can then feed the heating demand. The active 
components in status one can be seen in appendix E. 

 

The second status is when there is a heating demand, and that the cold water storage 
can operate as a low temperature source due to the recovered heat from the exhaust air 
heat recovery system. The absorption chiller will then operate as a heat pump. Hot water 
from DH will feed the desorber of the absorption chiller. The exhaust air heat recovery 
system will supply heat to the cold water storage, which in its turn feeds the evaporator 
of the absorption chiller. The condenser will then reject heat to the hot water storage 
and can then provide the heating demand. If auxiliary heating is needed it will be 
provided by the auxiliary heating component but as mentioned before, this component is 
used to measure that auxiliary heating is avoided. In appendix F the active components 
can be found. 

 
The third status is when the wet bulb temperature of the outside ambient air is lower 
than the water in the cold water sprinkler tank. When that is the case the temperature of 
the water leaving the cold water storage can be lowered by letting the water go through 
the cooling tower, with other words, free cooling. Appendix G shows the active 
components. 

 

The fourth status is when there is a cooling demand. The absorption chiller will be fed 
hot water from DH and the chilled water leaving the evaporator will load the cold water 
storage, which can then provide the building its cooling demand. The generated heat 
leaving the condenser will primally heat the hot water storage and when its maximum 
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capacity is reached the excess heat will be rejected over the cooling tower and exhaust 
air heat exchanger. The components that is active in this status shows in appendix H. 

 
Option 5 
Due to design requirements for the absorption chiller model the tank sizes were fixed as 
well as the capacity of the chiller, as seen in table 2. The model was not to use auxiliary 
heating. So, the basic dimensioning strategy for option 5 was to optimize the control, 
with a trial-and-error approach, of the chiller and DH distributor to feed the total heating 
load of the building. The possible auxiliary cooling of the system was to be provided by a 
compression chiller and its capacity was set by the peak power of the auxiliary cooling 
component. 

 
3.4 Calculations 
The results from each option were used in the calculations of the economic and emission 
analysis. The calculations were made with a excel tool developed by Transsolar. Pre-set 
values in the excel tool for specific emissions, specific investment costs, specific energy 
costs and life span of the components that were used are summarised in table 1. From 
the excel tool graphs, the investment costs, CO2-eqv. emissions and net present value 
over a period of 40 years, were extracted. To calculate the net present value the excel 
tool use equation 6, for which expected maintenance costs, life expectancies of 
components, investments cost are included and the emission costs. The net present 
values for the options were calculated for three different cases. The first case does not 
consider the price rate of carbon dioxide emissions, the second case uses the price rate 
of 195 €/ton CO2-eqv and the third uses 680 €/ton CO2-eqv. The two price rates are 
taken from section 2.5. This was executed to investigate impact of the emission costs for 
the system options. 
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4 Result 
The simulation results of the options, as well as the emission and economical 
calculations, will be presented in this section. In section 4.1-4.4 the simulation results 
extract from option 2-5 is presented. The reference option, option 1, has no simulated 
results but is, like the other options, part of the emission and economical calculation 
results in section 4.5. 

 
4.1 Option 2 
The load duration graph in figure 10 shows the cooling load of the building, the cooling 
provided by the compression chiller and the auxiliary cooling needed to supply the 
buildings cooling demand. In the figure no curve is presented for the auxiliary cooling 
since no auxiliary cooling is needed for option 2. 

 

Figure 10. Load duration curve for the cooling load of the building (red line) and the cooling provided by the 
compression chiller (blue line). 

 

 

The load duration graph in figure 11 shows the heating load of the building, as well as the 
heat provided by the compression chiller and the auxiliary heating needed to attain the 
buildings heating load. 
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Figure 11. Load duration curve for the heating load of the building (yellow line), the heat provided by the compression 
chiller (blue line) and the auxiliary heating needed (red line). 

 

 

The yearly overview for the cooling capacity of the compression chiller is shown in figure 
12. The figure also shows the cooling load of the building, which ranges from no cooling 
demand in the winter months and up to 520 kW in the summer. The cooling capacity of 
the compression chiller varies from around 100 kW in the winter months up to 230 kW in 
the summer months. 

 

Figure 12. The cooling load capacity of the compression chiller in option 2 (blue lines) compared to the cooling load of 
the building (orange lines) over the duration of a year. 

 

 

In figure 13 the heating capacity of the compression chiller and the heating load of the 
building is presented. The capacity of the compression chiller varies over the year from 
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around 150 kW up to 270 kW, with its higher values in the summer months and lower in 
the winter months. The buildings heating load demand is the highest in the winter with a 
peak of 600 kW and close to no demand during the summer. 

 

Figure 13. The heating load capacity of the compression chiller in option 2 (blue lines) compared to the heating load of 
the building (orange lines) over the duration of a year. 

 

 

An overview of the total heating and cooling energy supplied to the building and the 
electricity needed for the components is presented in figure 14. The total heating energy 
needed during the simulated year was calculated to 361 MWh, where 308 MWh is 
obtained from the compression chiller and 53 MWh is obtained from the auxiliary 
heating source. The cooling energy of 267 MWh is obtained from the chiller. The 
electricity demand for the system is calculated to be 132 MWh. Out of those, 115 MWh 
is needed for the compression chiller and the remaining 17 MWh is needed for the 
pumps in the system. 



23 
 

 
Figure 14. A bar chart showing the total heating and cooling energy supplied to the building and from where the energy 
is obtained in option 2. The chart also shows the total electrical energy needed for the components in the energy 
system. 

 

 

4.2 Option 3 
The cooling provided by the compression chiller in option 3 is presented in a load 
duration graph in figure 15. The figure also contains the cooling load duration of the 
building as well as the auxiliary cooling needed. No auxiliary cooling is required for the 
option since there is no load duration presented in the load duration graph. 

 

Figure 15. Load duration curve for the cooling load of the building (yellow line), the cooling provided by the compression 
chiller (blue line) and the auxiliary cooling needed for the building (red line). 

 

 

The load duration graph of the heating load of the building, the heat provided by the 
compression chiller and the auxiliary heating needed for the buildings heating demand is 
presented in figure 16. 

83% 

15% 

85% 
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Figure 16. Load duration curve for the heating load of the building (yellow line), the heat provided by the compression 
chiller (blue line) and the auxiliary heating needed (red line). 

 

 
In figure 17 is the cooling capacity of the compression chiller in comparison to the 
cooling load of the building presented. The cooling capacity of the compression chiller 
varies over the year with its higher values around 520 kW during the summer and its 
lower values around 280 kW during the winter. During the summer months the buildings 
cooling load reaches up to 520 kW. As seen in the graph, the cooling capacity of the 
chiller during the summer is as high as the cooling load of the building during the 
summer. 

 

Figure 17. The cooling capacity of the compression chiller in option 3 (blue lines) compared to the cooling load of the 
building (orange lines) over the duration of a year. 

 

 
The heating capacity of the compression chiller and the heating load of the building is 
presented in figure 18. The heating capacity of the compression chiller is around 370 kW 
during the winter and around 580 kW during the summer. The heating load on the other 
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hand is higher in the winter months, with a peak of 600 kW, and close to non-existing in 
the middle of the year. 

 

Figure 18. The heating capacity of the compression chiller in option 3 (blue lines) compared to the heating load of the 
building (orange lines) over the duration of a year 

 

 
The sources for the yearly heating and cooling demand of the building are presented in 
figure 19. In the figure the total electric energy demand for the components and pumps 
in the energy supply system is also presented and calculated to 161 MWh, where 137 
MWh are needed for the compression chiller and 24 for the pumps. For the total 361 
MWh heating energy supplied to the building, the compression chiller provides 354 MWh 
and the remaining 7MWh is obtained from the auxiliary heating source. The total cooling 
energy of 267 MWh to the building is obtained from the compression chiller. 

 
 
 

Figure 19. A bar chart showing the total heating and cooling energy supplied to the building and from where the energy 
is obtained in option 3. The chart also shows the total electrical energy needed for the components in the energy 
system. 
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4.3 Option 4 
The cooling load of the building and the cooling provided by the compression chiller 
needed in option 4 is presented as a load duration graph in figure 20. As     seen in the 
figure, no auxiliary cooling is needed to supply the building with the required cooling 
energy. 

 

Figure 20. Load duration curve for the cooling load of the building (red line), the cooling provided by the compression 
chiller (blue line). 

 

 

In figure 21 the load duration for the heating demand of the building, the heat provided 
by the compression chiller and the auxiliary heat needed to supply the buildings heating 
demand is presented. 

 

Figure 21. Load duration curve for the heating load of the building (yellow line), the heat provided by the compression 
chiller (blue line) and the auxiliary heating needed (red line). 
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The cooling capacity of the compression chiller and the cooling load of the building are 
presented in figure 22. The cooling of the compression chiller has its highest capacity in 
the summer of around 450 kW and a capacity of around 230 kW in the winter. The 
cooling load of the building is close to non-existing in the winter and ranges up to 520 kW 
in the warmest day in the simulated year. 

 

Figure 22. The cooling capacity of the compression chiller in option 4 (blue lines) compared to the cooling load of the 
building (orange lines) over the duration of a year. 

 

 

In figure 23 the heating capacity of the compression chiller and the heating load of the 
building is presented. The heating capacity of the compression chiller is around 310 kW 
in the winter months and around 500 kW in the summer. The heating load of the building 
is close to non-existing in the summer months and has a peak of 600 kW in the winter. 

 

Figure 23. The heating capacity of the compression chiller in option 4 (blue line) compared to the heating load of the 
building (orange line) over the duration of a year. 
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The bar chart shown in figure 24 presents the total heating and cooling energy supplied 
to the building and the total electric energy needed for the components and pumps of 
the system. The total heating energy supplied to building is calculated to be 361 MWh, 
where 350 MWh is obtained from the compression chiller and the remaining 11 MWh is 
provided from the auxiliary heating source. The 267 MWh of total cooling energy 
supplied to the building is obtained from the compression chiller. Total electric energy 
needed for the energy supply system is 151 MWh, where 131 MWh is supplied to the 
compression chiller and 20 MWh is needed for the pumps. 

 
 

Figure 24. A bar chart showing the total heating and cooling energy supplied to the building and from where the energy 
is obtained in option 4. The chart also shows the total electrical energy needed for the components in the energy 
system. 

 

 

4.4 Option 5 
In option 5 the cooling energy to the building is supplied from the absorption chiller and 
the cooling tower. These sources are not enough to supply the buildings cooling demand; 
therefore, an auxiliary cooling source is needed. Load duration curves of said cooling 
sources is presented in figure 25 with the cooling load duration of the building. 
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Figure 25. Load duration curve for the cooling load of the building (blue line), the cooling provided by the absorption 
chiller (red line), the free cooling provided by the cooling tower (yellow line) and the auxiliary cooling needed for the 
building (purple line). 

 

 

The heating load curve duration is presented in figure 26. The figure also shows the heat 
provided by the absorption chiller and the district heating energy that is not supplied to 
the absorption chiller but instead is supplied to the hot water storage through a heat 
exchanger. The district heating not supplied to the absorption chiller is therefore there 
so that there is no need for auxiliary heating in option 5. 

 
 

Figure 26. Load duration curve for the heating load of the building (blue line), the heat provided by the absorption 
chiller (red line) and the auxiliary heating needed provided from district heating (yellow line). 
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The total electric energy demand for the energy system, as well as the total heating and 
cooling demand of the building is presented as a bar chart in figure 27. The bar chart 
show that the electric energy needed is 50 MWh, where 19 MWh is needed for the 
absorption chiller and 31 MWh is for the pumps and the cooling tower. The compression 
chiller used for auxiliary cooling has an electricity demand that is not included in the 
figure since it produces a low enough energy amount that its electricity demand is 
neglectable. The total heating energy supplied to the building is 361 MWh and is 
obtained from the absorption chiller and district heating. A total of 269 MWh cooling 
energy is required for the building. 249 MWh is obtained from the absorption chiller, 13 
MWh is obtained directly from the cooling tower and the additional 7 MWh is supplied 
from the auxiliary cooling source. Not showing in the graph, but extracted from the 
simulations, the district heating energy that feeds the absorption chiller is 530 MWh. 

 

Figure 27. A bar chart showing the total heating and cooling energy supplied to the building and from where the energy 
is obtained in option 5. The chart also shows the total electrical energy needed for the components in the energy 
system. 

 

 

Figure 28 shows the cooling energy demand of the building over the year in comparison 
to the cooling capacity of the absorption chiller. The cooling capacity of the absorption 
chiller has a constant value of 160 kW, while the cooling demand of the building varies 
from no demand up to 520 kW during the warmest day in the summer. 
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Figure 28. A yearly overview over the cooling load of the building (orange lines) compared to the cooling capacity of the 
absorption chiller (blue lines). 

 

 

Figure 29 shows the heating demand of the building in comparison to the heating 
capacity of the absorption chiller. The heating capacity of the absorption chiller, like the 
cooling capacity, has a constant value of 390 kW. The heating demand of the building has 
its highest value of 600 kW during the winter. 

 

Figure 29. A yearly overview over the heating load of the building (orange lines) compared to the heating capacity of 
the absorption chiller (blue lines). 

 

 

4.5 Dimensions of components 
From the simulations of the options the dimensions of the gas boiler, district heating, 
sewage water heat exchanger and compression chiller components can be decided. The 
result is presented in table 3 along with the pre-set values for the storages and the 
compression chiller. 
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Table 3. The five energy supply options and their components are presented as well 
as the sizes of the components. 

 

 
 The dimensioning for option 1 is 630 kW for the gas boiler and 520 kW for the 
compression chiller. The sizing of the reference option is after the peak demands of the 
building, to ensure that the system can supply the needed energy to the building. 

 
In the options of design 1, the design with the compression chiller as main cooling 
component, the compression chiller was dimensioned to be just big enough to supply the 
cooling load of the building. The result for that in option 2, option 3 and option 4 are 175 
kW, 410 kW and 340 kW, respectively. Furthermore, the resulting gas boiler capacities 
needed for option 2, option 3 and option 4 are 400 kW, 200 kW and 250 kW, 
respectively. The sewage water heat exchangers capacity is proportional to the chiller’s 
capacities. 

 

For design 2, option 5, the district heating is sized to have a maximum capacity of 500 kW 
to supply the entire heating demand of the building. The auxiliar cooling in option 5 
comes from a compression chiller, which is simulated to have a maximum capacity of 
200kW. 

 
The maximum heating capacity from the exhaust air heat exchanger is 105 kW for all 
options where it is implemented as a low temperature source. In option 5, the exhaust 
air heat exchanger connection can switch and be connected to either the cold water 
storage as a low temperature source or the hot water storage.  The connection to the 
hot water storage is to help the cooling tower reject heat when needed. The maximum 
capacity of the exhaust air heat exchanger is then 400 kW. So, the difference in the 
capacity of the system installed in option 5 compared to the others is due to the larger 
temperature difference. The operation duration time for exhaust air heat recovery and 
exhaust air heat sink is presented in table 4 for the options. 
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Table 4. An overview of the exhaust air heat exchange component, with its 
maximum capacity and total times in operation. 

Exhaust 
air heat 

recovery - 
Max. 

capacity 

Exhaust 
air heat 

recovery - 
Operation 

time 

Exhaust 
air heat 

sink- 
Max. 

capacity 

Exhaust 
air heat 

sink - 
Operation 

time 

  [kW] [h] [kW] [h] 

Reference option 1     

Design 1 option 2 105 23   

Design 1 option 3 105 2   

Design 1 option 4 105 6   

Design 2 option 5 105 1300 400 750 

 

4.6 Emission and economical calculations 
The result in this section is taken from the excel tool developed by Transsolar. The values 
needed for the calculations are a mix of pre-set values for the components handed by 
the company and values extracted from the option simulations. 

 
In figure 30 a bar chart over the five options yearly carbon dioxide equivalent emissions 
are presented. The emissions are separated in the cooling side and the heating side of 
each option. As seen in the chart option 1, the reference option, is the option that has 
the highest emissions and option 5 has the lowest emissions. Option 5, the absorption 
chiller option, has 61% less emissions compared to option 1. Furthermore, option 2 has 
41%, option 3 has 49% and option 4 has 51% less yearly emissions compared to option 1.
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Figure 30. A bar chart showing the yearly carbon dioxide equivalent emission for each of the five options. The emissions 
are separated in heating (red bar) and cooling (blue bar). The percentages shown above option 2-5 are the saved 
emissions compared to the reference option, option 1. 

 

 
The investment costs for the options can be seen in figure 31. The options of design 1 
where the compression chiller is used, option 2-4, has a variation in its investment costs. 
Option 3 has the highest investment cost of 568,000€, followed by option 4 with an 
investment cost of 462,000€ and lastly option 2 with an investment cost of 396,000€. 
Option 1, the reference option, and option 5, which is design 2 with the absorption 
chiller, have both similar investment costs of 375,000€ and 391,000€. 
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Figure 31. A bar chart showing the investment cost for each option. The costs are separated in heating (red bar) and 
cooling (blue bar). 

 

 

Figure 32 shows the first case of the net present value of the investment, maintenance, 
and operation costs over a period of 40 years. The costs of electricity, natural gas and 
district heating is also included in the figure, with the estimation that the prices will 
have a 5% yearly increase in the future. The first case does not include the costs during 
operation for CO2-eqv emissions. In the maintenance costs, the exchanges of 
components are included. The option with the highest net present value is option 1, the 
reference option. The next most expensive option is option 3 followed by option 5. 
Option 3 is the most expensive out of the compression chiller options, which is more 
expensive than option 2 and option 4, where option 2 is the cheapest out of all the 
options. 
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Figure 32. Net present value graph over the duration of 40 years for the five options. Carbon costs not included. 
 

 
In figure 33 the second case of the net present values for the options are shown. This 
case includes the costs during operation for CO2-eqv emissions. The costs are calculated 
with the price rate of 195 €/ton CO2-eqv. Option 1 is the most expensive followed by 
option 3 and 5. Option 2 and 4 are the cheapest options, where option 4 is slightly 
cheaper. 

 
Figure 33. Net present value graph over the duration of 40 years for the five options. Carbon costs included (195 
euro/ton CO2-eqv.). 
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The third case of the net present values is calculated with a price rate for the CO2-eqv 
emissions of 680 €/ton CO2-eqv, shown in figure 34. Option 1 is still the most expensive 
options but to be noted, option 5 is the cheapest one in this case followed by option 4, 2 
and 3. 

 

Figure 34. Net present value graph over the duration of 40 years for the five options. Carbon costs included (680 
euro/ton CO2-eqv.). 
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5 Discussion and conclusion 
In this section the five options of the energy supply system of the building will be 
evaluated and compared. First will the three options of design 1 be evaluated and 
compared in section 5.1 with the reference option, option 1. The options of design 1 will 
also be compared to each other to determine the most preferable option of the design. 
Then, in section 5.2 design 2 will be evaluated and compared to the reference option. 
The preferred option of design 1 is then compared with design 2 and finally the 
conclusion of the discussion is presented in section 5.3. 

 
5.1 Design 1 
The simulated cooling capacity of the compression chiller in option 2 can be seen to vary 
in figure 10 and 12. During approximately 1200 h, of the simulated year, the cooling 
capacity is around 220 kW with a peak capacity of 230 kW. On the other hand, the curve 
also shows that for an equal amount of time the cooling capacity of the chiller is around 
110 kW. The installed capacity for the compression chiller in option 2, 3 and 4 can be 
read in table 3 to be respectively 175, 410 and 340 kW. This is the norm capacity of the 
chiller, which means that the compression chiller can perform better or worse depending 
on the circumstances. The chiller, if operated during low temperature differences, will 
result in a higher capacity. This applies for all the options of design 1. This variation can 
be observed in figure 13 and 17 for option 3 and in figure 20 and 22 for option 4. Seen in 
figure 12, 17 and 22, the compression chiller operates in the most efficient way during 
the summer when it is needed for cooling compared to in the winter, which means that 
when it is operating with a capacity lower than the installed value it is operating as a heat 
pump. 

 

However, the cooling and heating power generated by the chiller in figure 10 and 11 
shows a relatively smooth output, which is preferable since it means that the 
compression chiller is operating under more stable conditions which can reduce damages 
on the machine. So, for option 3 and 4 the operation is not as stable as in option 2, this 
can be a result of the larger capacity combined with the controls of the simulation 
model. Since the chiller is using 1 or 2 compressors the chiller has only an on and off 
operation which will, in combination with the over dimensioned capacity, make the 
storage tanks of the systems to reach its maximum capacity faster. Thereby the chiller in 
option 3 and option 4 switches on and off more frequently compared to option 2, which 
may increase the risk of damages. 

 

Option 2 and 3 of design 1 both have a compression chiller that is dimensioned to not 
have any auxiliary cooling and where option 4 is dimensioned to decrease the auxiliary 
heating needed compared to option 2 but still use a smaller capacity than option 3, for 
economic reasons. Therefore, it was decided to dimension it to have similar auxiliary 
heating needed as in option 3. As for table 3 for all options in design 1, the installed norm 
capacity is lower compered to option 1, the reference option. By this it can be stated that 
to receive a more efficient system it is beneficial to simulate the energy supply system 
instead of just sizing the capacity of the energy sources after the buildings heating and 
cooling demand. 

 
Moreover, in figure 10, the cooling load of the building and the cooling generated by the 
compression chiller in option 2 is presented. The peak cooling demand of the building is 
more than two times the maximum cooling capacity that the compression chiller supplies 
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in the simulation. Still there is no auxiliary cooling needed, which is a result of the larger 
cold water storage. The tank is big enough to store and feed the needed energy to satisfy 
the buildings cooling demand, which can also be seen in figure 14 where the total energy 
for the cooling demand of the building is provided all by the compression chiller. This 
shows that the sprinkler tank can reduce the maximum installed capacity needed for the 
chiller when comparing the result with option 3. As seen in figure 15 and 17 the capacity 
installed needs to be roughly two times larger, compared to option 2, to satisfy the 
cooling load without needing any auxiliary cooling when there is no option to combine 
the chiller with a larger thermal storage. This can also be noted in figure 19, the cooling 
demand is provided only by the compression chiller. Continuing with option 4, it can be 
seen in figure 20 and 22 the expected result that there is no need for auxiliary cooling, as 
well in figure 24. This due to that option 2 and 4 is using the same settings in the 
simulation just that the capacity of the chiller is oversized for option 4. 

 
Furthermore, in figure 11, the peak capacity of the heat provided by the chiller is about 
270 kW, but looking at figure 13, it shows that this capacity is generated during the 
summer months and that the capacity delivered during the winter months is roughly 150 
kW. Because of this and that the system is using a small hot water storage, compared to 
the cold water storage, we see that the system ends up with a relatively high peak for 
auxiliary heating, 400 kW. This can also be seen in figure 13, with the peaks of the 
heating load on the 1st of February around 500 kW and the generated heat by the chiller 
at 150 kW. Thereby, the difference of 350 kW is needed to be supplied by auxiliary 
heating, the gas boiler. The same goes for option 3 and 4 only that the need for auxiliary 
heating is reduced due to the larger capacity of the chiller. This can be seen in figure 16 
and 18 for option 3, figure 21 and 22 for option 4. For the energy demand of the 
building, it shows in figure 14 for option 2 that the gas boiler provides 15% of the total 
energy demand for heating. For option 3 the gas boiler stands for 2% (figure 19) of the 
total heating demand and 3% for option 4 (figure 24). The system for option 3 and 4 
requires similar energy supplied by the gas boiler, which was the idea for dimensioning 
to reduce emissions in option 4. 

 
By observing table 4, the times in which the exhaust air heat recovery is in operation in 
design 1 are limited. The component is active 23, 2 and 6 hours in option 2, option 3 and 
option 4, respectively. This could be because of how the control for the component is 
written. The controls may prevent the chiller to operate, since it lacks a low temperature 
source, which gives a higher demand for auxiliary heating. However, the system has the 
sewage water heat exchanger as a low temperature source as well and is therefore not 
exclusively depended on the exhaust air heat exchanger. The exclusion of the exhaust air 
heat exchanger would not change the costs in a drastic way since the price for a heat 
exchanger is not notable compared to other costs. Same argument goes for the energy 
flow. 

 

When comparing the costs and emissions connected to option 2-4, option 2 has the 
lowest investment costs but highest emissions by looking at figure 30 and 31. Option 4 
on the other hand has the lowest emissions out of the options of design 1 and has close 
to the same net present value compared to option 2 over the duration of 40 years when 
no emission cost is considered by comparing the options in figure 32, even though option 
4 has a higher investment cost. With the lower carbon cost included, seen in figure 33, 
the net present value of option 4 is just slightly lower than option 2 and with the higher 
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carbon cost option 4 is about 400.000 euro cheaper than option 2. Furthermore, option 3 
is the most expensive alternative since it has the highest investment cost and the highest 
net present value out of the three options, both with and without the carbon costs. This 
indicates that by implementing a larger cold water storage result in lower costs, since the 
installed capacity of the chiller can be reduced. Note, that the cost for the thermal water 
storage lies in the connection to the energy supply system and not in the investment of 
the tank since the high-rise building is required to have a tank with said volume for fire 
safety reasons. However, adding the investment cost of larger tank is assumed to not 
change the economical conclusion of the options comparison. Also, since option 3 and 
option 4 has lower emissions than option 2 it shows that it is preferable, from an 
environmental perspective, to install a larger capacity on the compression chiller hence 
the emissions connected to the natural gas can be decreased. By comparing these three 
options with option 1, option 1 has the lowest investment costs but will be the most 
expensive over time and option 2-4 has about 45% lower emissions. This makes option 1 
the least preferable option both economic and environmentally. So, in conclusion of 
design 1, by investing more for option 4 you get the lowest emissions of design 1 while 
the cost remains like the cheapest investment option, option 2, over time with no or low 
carbon cost. With high carbon cost is option 4 the cheapest option over time. 

 
5.2 Design 2 
The cooling capacity of the absorption chiller, which is maximum 160 kW, is not enough 
to supply the cooling demand of the building that has a peak of 520 kW. Therefore, there 
is a small amount of auxiliary cooling for option 5, which can be seen in figure 25. 
However, by observation of figure 25 the cooling capacity of the absorption chiller and 
the cooling from the auxiliary cooling together are not enough to supply the cooling load 
of the building. The additional cooling, not seen in the figure, comes from the cold water 
storage’s ability to store and distribute the cold energy in an efficient way like in option 
2. The cold water storage therefore result in economical savings since there is no need 
for a larger capacity for the absorption or compression chiller. In figure 26 the heating 
energy from the chiller of 390 kW can supply most of the buildings heating load with a 
peak of 600 kW. The remaining heating load that the chiller cannot supply is around 100 
h of the year, with a peak of 210 kW. The auxiliary district heating, with a maximum 
capacity of 260 kW, are therefore sufficient to supply the remaining peak of the load. 
The reason that the district heating is crucial to supply the heating peak is because the 
hot water storage tank is significantly smaller than the cold water storage and is not big 
enough to store and distribute the energy needed. Figure 29 shows time of the year 
where the heating load peaks of the building that the absorption chiller cannot supply 
occurs and the auxiliary district heating is needed. 

 

The absorption chiller in option 5 is simulated with a simplified component with a 
constant COP value equal to the manufactures value of the pre-decided chiller for the 
design. This can be seen in the load duration graphs in figure 25 and figure 26 because 
the simulated capacities for cooling and heating never excides its installed capacity. This 
can also be confirmed by figure 28 and figure 29 since there is no visible different in 
operation of the absorption chiller during the year. This is preferable for the component 
since it decrease damages on the chiller. For an absorption chiller the COP is expected to 
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run at a relatively constant capacity during the year, which means that the simulated 
result is close to reality even though it uses a simplified component. 

 

By comparing figure 27 with figure 14, figure 17 and figure 24 the absorption chiller does 
not need the same amount of electricity compared to the compression chiller. The 
absorption chiller needs 19 MWh in option 5, while the compression chiller needs 131 
MWh, 137 MWh and 115 MWh in option 2, 3 and 4, respectively. This is an expected 
result since the compression chiller uses electricity as its primary energy source. The 
absorption chiller on the other hand needs district heating as its primary energy source, 
with a peak outtake capacity from the district heating network of 500 kW, read from 
table 3. Prices for electric power as well as the price for district heating power can 
change over time, geographic position, and availability of other primary energy sources. 
Hence, if the price for electricity would get significantly higher compared to when the 
calculations in this thesis work was carried through, design 2 might have a stronger 
economic advantage. On the other hand, if the district heating price would drastically 
increase it would favour design 1. In a similar way is the emissions depended on the 
energy source for the system since the emission rate for 1kWh supplied to the system is 
depended on the raw energy sources used to produce that kWh. 

 
Observations of figure 30, figure 31, figure 32, figure 33 and figure 34, design 2 has the 
lowest emissions out of all options. Compared to option 1 it has 61% less emissions. 
When it comes to investment costs, option 5 is more expensive than option 1, similar to 
option 2 and less expensive than the other options. Compared to option 1 it is a 4% 
higher price. For the net present value over the duration of 40 years, option 5 is more 
expensive than option 2 and 4 but less expensive than option 1 and 3 when no 
consideration to the emission cost is taken. Furthermore, when the lower carbon cost is 
included, the option gets a similar result compared to when no carbon cost was included. 
But, when the higher carbon cost was investigated, option 5 has the lowest costs over 
time. 

 
5.3 Comparison of designs 
The design of option 1, that was viewed as a reference design, will not be part of the 
comparison in this section since it has been used as a comparison in the earlier sections. 

 
Option 4 and 5 will be used to compare design 1 and design 2. This is because that option 
4 is viewed as the preferable option out of the three options of design 1, thus it is the 
cheapest over time when carbon costs are included and has the lowest yearly emissions. 
When no carbon costs are considered is option 4 still comparable to option 2, the only 
cheaper option, over time. Option 2 can be argued to be more desirable because of its 
low investment cost, but since it is 1.4% higher than the investment cost for option 5 it is 
a feeble argument when comparing the designs. 

 

In figures 20-21 and figures 25-26 the compression chiller in option 4 operates less than 
2000 h during a year while the absorption chiller in option 5 operates a bit over 2500 h. 
The compression chiller in option 4 also do not have a smooth power output compared 
to the absorption chiller in option 5, which means that the compression chiller is more 
prone to damages. It is also preferable to have a more stable operation of the chillers 
when it comes to decreasing the power peaks of the whole energy system. 
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Since option 4 uses a compression chiller as main cooling component it requires a 
significantly higher amount of electrical power compared to option 5 that uses an 
absorption chiller as main cooling component. Read from figure 24 and figure 27, the 
compression chiller in option 4 needs 131 MWh electrical power over a year, while the 
absorption chiller in option 5 needs 19 MWh. The absorption chiller does on the contrary 
need a power input from the district heating network that the compression chiller does 
not need. Consequently, will the course of prices on electricity and district heating affect 
the comparison of the two designs. Same argument is valid for the emissions comparison 
of the designs since changes in the energy sources will affect the equivalent carbon 
dioxide emissions per produced kWh of electric or district heating power. 

 
Because that the absorption chiller in option 5 requires an input from the district heating 
network it is crucial that its accessible within a reasonable range. If the energy supply 
system is positioned far from the closest district heating network, it would not make 
sense to implement option 5. In that case, option 4 would be a better alternative as the 
electrical distribution networks are overall more accessible. However, the planned high- 
rise building in this thesis work will be built in an area with good conditions for a district 
heating connection so option 5 is justified. 

 

Through an economic viewpoint option 5 has the lower investment cost if compared with 
option 4 and the lowest costs over time if the higher carbon costs are used, see figure 31 
and figure 34. On the other hand, option 4 is more profitable when viewed over a 
duration of 40 years with no consideration to the carbon costs and with the low price for 
the carbon cost, as seen in figure 32 and figure 33. However, the lower carbon costs are 
with the assumption that the emissions will have a 1% yearly decrease in the future, 
which can be argued to be a challenging rate to manage. The options will therefore more 
realistically have an either comparable cost over time or option 5 will be cheaper. In 
figure 30 it is seen that option 4 has a yearly carbon dioxide rate of 57 tons per year 
while option 5 has a rate of 46 tons per year. That means that option 5 has a 19% lower 
emissions rate compared to option 4 and is, out of all the options in this thesis work, the 
most sustainable alternative for an energy supply system. 

 
Together with the arguments stated in the discussion above the final suggestion of which 
energy supply system to use will also consider that one of the main purposes with this 
thesis was to increase the sustainability of the buildings energy supply system. The 
option which had the least yearly emissions were option 5, it also had comparable costs 
compared to option 4 with a lower investment cost but higher expenses over time except 
for when the higher rate of the carbon costs was included. So, in conclusion, with the 
significant smaller emission rate and defendable costs we would suggest using option 5 
to supply the buildings heating and cooling demand to increase sustainability. 
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6 Further studies 
For further studies in this project, it would be interesting to develop a more realistic 
model of the absorption chiller to receive a simulation model that gives a more realistic 
result to see if it gives another result. 

 

Other aspects that would be interesting is to investigate how to develop more stable 
controls for the operating modes of the simulations to avoid that the chiller runs in a less 
efficient way. This could also be combined with investigating implementation of other 
components to find what combinations make the system even more efficient. Further, by 
using other strategies when sizing the components, it is possible that it could decrease 
the energy consumption of the system. 

 
By viewing the energy sources used by the system one of the components that is linked 
with the most pollutant is the gas boiler. So, by exploring other fuels, than natural gas, to 
find a source that can decrease the emissions for heating significantly would be 
motivating for further research. This also applies for how to implement renewable 
energy sources in these type of supply systems. 

 
Lastly, as seen in the results, the exhaust air heat recovery system is not used that many 
hours for design 1. This is mostly due to how the system is controlled and would thereby 
be interesting to study how to implement the component to benefit the system, as well 
as review how the system work without it. 
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Appendix A – Design 1 – Active components in status one 
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Appendix B – Design 1 – Active components in status two 
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Appendix C – Design 1 – Active components in status three 
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Appendix D – Design 1 – Active components in status four 
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Appendix E – Design 2 – Active components in status one 
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Appendix F – Design 2 – Active components in status two 
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Appendix G – Design 2 – Active components in status three 
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Appendix H – Design 2 – Active components in status four 
 


