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Abstract 

In 2013, Stockholms Hamnar began a development project for Värtahamnen, one of Stockholms 

most important harbors, and also decided to build a new ferry terminal that is better suited to meet 

the increasing capacity demand. The new terminal will feature a borehole storage that will be used 

to cover the building’s heating and cooling demands. The boreholes have already been drilled and 

currently the construction of the building is being planned. 

The overall objective of this project is to study the new terminal and its borehole storage regarding 

certain input parameters (such as internal heat gains and the U-value of windows) that affect the 

building’s annual heating and cooling demands, as well as long-term temperature of the borehole 

storage. To do this, two modeling programs are used: IDA ICE and EED (Earth Energy Designer). 

The project focuses on three main parts. Part one is a sensitivity analysis of internal loads and 

construction specific parameters that shows how a variation in these affects the heating and cooling 

demands. To accomplish this, several models are created and simulated in IDA ICE. In part two, the 

long-term ground temperature is studied for two of the models analyzed in part one. This is done in 

both IDA (through a new borehole module) and EED, followed by a comparison of these results. The 

last part presents the possible amount of free cooling that can be taken from the ground. This 

estimation is made through simulations in EED, using altered load profiles of the two previously 

mentioned models. Additionally, this part covers the effects of a changed borehole configuration 

(number of boreholes, depth, layout, etc.). 

The results of the first part (the sensitivity analysis) show that there is a rather large variation in 

annual heating and cooling demands depending on what approach is used for estimating a 

reasonable amount of internal loads. One way to do this is to first determine the maximum possible 

load in each zone and then, when simulating the annual energy demand, reduce the total load in the 

whole building by a certain factor. Another approach is to, from the start of the building modeling, 

more accurately try to estimate the average amount of internal loads in each zone.  

In the second part, due to unbalanced load profiles for both analyzed models, the temperature of the 

borehole storage will increase over time if there is no limitation of the amount of cooling taken from 

the ground. The results of IDA generally agree with those of EED. In the last part of the project it is 

shown that a thermally more favorable borehole installation could increase the relative amount of 

free cooling from the ground, compared to the current installation. 
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1 Background 
In the summer of 2013, Stockholms Hamnar started a development project for Värtahamnen, which 

is one of Stockholm’s most important harbors. It enables carriage of about four million passengers 

and 1.7 million tons of goods each year, but since it is approximately 100 years old it is in need of 

renovation in order to meet the increasing capacity demand (Stockholms Hamnar, 2012). 

Since the city of Stockholm expands with about 35 000 people per year, another purpose of the 

project is to free up space for residential as well as commercial buildings around the harbor. The 

harbor will therefore be slightly relocated by expanding the Värta pier further out in the water. The 

relocation of the harbor will also yield a better infrastructure, reducing the time it takes for cars and 

trucks to leave the area and enter the road network. Furthermore, Stockholms Hamnar has also 

decided to build a new ferry terminal (see Figure 1.1) to replace the old one (Stockholms Hamnar, 

2012). 

 

Figure 1.1: Planned new ferry terminal (Stockholms Hamnar, 2010). 

The new terminal will feature a borehole storage that will be used to cover the heating and cooling 

demand of the building. The boreholes have already been drilled and now the construction of the 

terminal is being planned. Prior to drilling the boreholes, a thermal response test was performed to 

find out the initial temperature and thermal conductance of the surrounding ground. For this, a 200 

m deep hole was drilled and a single U-tube collector filled with bioethanol (30 %) was inserted. The 

active depth, i.e. the drilling depth excluding the depth to groundwater, was measured to 

approximately 195 m. It was found that the initial ground temperature was 9.24 °C (taken as a mean 

value over the length of the hole) and that the effective thermal conductance of the ground was 3.91 

W/(m,K). Furthermore, it was concluded that the thermal resistance of the test borehole was 0.092 

K/(W/m) (Hellström, 2011). 
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The current borehole installation consists of 62 vertical or slightly tilted (2.6 ° or 5.2 °) holes, each 

with a total depth of 220 m. The borehole diameter is 138 mm. The pipes are made of polyethylene 

and are of double U-tube type, with an outer diameter of 32 mm and a thickness of 2.0 mm. The 

pipes are fluted on the inside in order to induce turbulence at a lower velocity. The heat carrier fluid 

is bioethanol (15 wt-%) and the working temperatures are between -5 °C and 20 °C (Jacobson, 2013). 

During an early stage of the project, a building model was created in IDA ICE in order to estimate the 

future energy utilization and to design the borehole storage. This model was first created by the 

company WSP and later passed on to the consultant company Crenova AB, who are responsible for 

the design of the building’s HVAC system. During the course of the project, some input data have 

been changed and the model has been updated several times. The question is therefore: How do 

these changes affect the building’s energy demand and the temperature development of the 

ground? 

  



3 
 

1.1 Objectives 

In this project, the planned new ferry terminal at Värtahamnen and its borehole storage are studied 

in detail regarding certain input parameters that affect the building’s annual heating and cooling 

demand, as well as long-term temperature of the borehole storage. More specifically, the objectives 

of the project are the following: 

1) Use the existing building model in IDA ICE to perform a sensitivity analysis of internal loads 

and construction specific parameters in order to determine the variation in annual heating 

and cooling demand 

2) Determine the heating and cooling load profiles for a reference (base) model and an altered, 

more realistic model 

3) Build a model of the borehole storage in both EED (Earth Energy Designer) and IDA ICE, and 

study how the long-term ground temperature develops for the two load profiles  

4) Determine the annual amount of free cooling from the ground and the maximum cooling 

load that are possible for the two load profiles 

5) Determine the possible amount of free cooling from the ground if the borehole geometry is 

changed 

6) Compare the borehole modeling process between the two programs regarding results, level 

of detail, computational time, and user-friendliness 

The sensitivity analysis in IDA ICE focuses mainly on the variation of internal loads through changed 

occupancy, lighting, and equipment schedules. However, one construction specific parameter, 

namely the U-value of windows, is also considered. 

1.2 Methodology and report disposition 

The project focuses on three areas, referred to in this report as “Part one”, “Part two”, and “Part 

three”, as follows: 

 Part one: A sensitivity analysis that shows how the heating and cooling demand varies with 

changed input data. 

 Part two: A comparison of long-term ground temperature between a base and an altered 

model, as well as a comparison of results between EED and IDA ICE. 

 Part three: A comparison of possible amount of free cooling with the load profiles of the base 

and altered models, as well as with the load profile of the altered model but with changed 

borehole geometry. 

Figure 1.2 shows an overview of these three parts and how the project’s different models are 

connected. The models are explained later in the report (section 2.3). 
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Figure 1.2: Overview of the project's models. 

The report is divided into four major parts, each one corresponding to a separate chapter, according 

to: 

1. Background. This part deals with the background of the project, objectives, and relevant 

theory. Also, a brief orientation of the ongoing building project at Värtahamnen is presented. 

During this part of the project, an introductory course in IDA ICE modeling is undertaken in 

order to get familiar with the software.  

2. Modeling. Here, the existing IDA model of the building is used as a basis for the sensitivity 

analysis. A total of seven models (including the base model) are considered for this purpose. 

The borehole storage module in IDA is then applied to two of these models, and the long-

term temperature development in the ground is simulated for each one. In addition, two EED 

models are created to be used as reference for the simulation results obtained from IDA. 

Some supplementary EED models are also created to study the possible amount of free 

cooling and to see the effects of changed geometry and depth of the borehole field. 

3. Results and discussion. The results of the project’s three parts are assessed and important 

findings are highlighted. 

4. Conclusions. The conclusions of the project, corresponding to the objectives, are stated. 

1.3 Theory 

This part gives a brief summary of the theory behind borehole heat transfer and how this theory is 

implemented in the two modeling programs EED and IDA ICE. 
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1.3.1 Borehole heat transfer 

A common way of heating buildings in Sweden is to use a ground source heat pump that extracts 

heat from the ground through one or several boreholes. This heat originates partly from the sun and 

is stored in the ground. Due to the large thermal mass of the ground and its slow response to 

ambient temperature changes, its temperature at just a few meters below the surface is almost 

constant throughout the year. 

The borehole is normally between 100 and 350 m deep, with a diameter of 115 or 140 mm. It 

contains a heat exchanger, usually in the form of one or two plastic U-tubes, inside which a heat 

carrier fluid is circulated. Depending on the temperature of the fluid, it may either be pure water or 

some kind of brine solution that keeps it from freezing inside the pipes (Björk, et al., 2013). 

The fluid extracts heat from the surrounding ground around the borehole and since the ground 

cannot generate heat, just store it, it has to be replenished in some way. In case of a single borehole, 

far enough away from other boreholes, the heat is returned naturally by heat conduction through 

the surrounding ground. However, if several boreholes are placed close to each other, as is the case 

for many larger commercial buildings, heat will not have time to naturally replenish. In those cases, 

heat will have to be injected into the ground in order to maintain its annual mean temperature. This 

is preferably done by using the ground as a cold storage during the warm months of the year, and 

injecting excess heat from the building through the boreholes. This supplies the building with “free 

cooling” (if the ground temperature is low enough) while at the same time heat is stored in the 

ground to be used during the cold part of the year. 

Two important parameters in ground source heat pump systems are the thermal conductivity and 

specific heat capacity of the ground. The higher these are the slower the temperature declines for a 

certain heat extraction rate. Usually the specific heat capacity does not vary significantly and lies in 

the range of 1.9 to 2.2 MJ/(m3,K). However, the thermal conductivity depends more strongly on the 

composition of the ground and increases with the amount of quartz and granite. The thermal 

conductivity varies therefore between about 1.5 and 7 W/(m,K) and a typical value for Sweden’s 

granite based rock is 3.5 W/(m,K) (Björk, et al., 2013) (Sundberg, 1991). 

When modeling the heat transfer between the heat carrier fluid and the ground outside the borehole 

it is convenient to apply the principle of thermal resistances. These are the convective resistance 

inside the pipes, the resistance of the pipe walls, the resistance in the grout (usually treated as 

conductive resistance even in cases with groundwater filling), and the resistance of the surrounding 

ground. Usually, the thermal resistance of the ground is the dominant one (Zeng, et al., 2002). 

The thermal performance of the borehole is also affected by cracks or groundwater movement in the 

rock and by the local geothermal gradient. Therefore, one way of determining the thermal 

characteristics of the borehole and surrounding ground at the actual installation site is to perform a 

thermal response test. The goals with such a test are to find out the thermal conductivity and initial 

temperature of the ground, as well as the effective borehole thermal resistance. The test is 

conducted by first, during some hours, circulating the heat carrier fluid through a test borehole 

without any heat extraction or injection. Then, heat is injected at a constant power for about 72 

hours, during which time the input heating and pumping powers as well as temperatures of the in- 

and outgoing fluid are measured. The measured data can thereafter be matched to a finite difference 

model to yield the thermal characteristics of the borehole and ground (Hellström, 2011). 
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When considering different borehole storage configurations the economical aspect is normally of 

importance, and the thermally best solution might not be the most profitable. The price for a certain 

design depends on the number of boreholes, depth, casing length1, etc. but for borehole fields with 

more than 20 boreholes the price can roughly be assumed to either 240 SEK/m (Kauppinen, 2015) or 

between 235 and 265 SEK/m (Schliewa Edman, 2015). 

1.3.2 Implementation in EED 

EED (Earth Energy Designer) is based on dimensionless so called g-functions to express the thermal 

response of a borehole field exposed to a certain thermal load. These functions depend on time (in 

the form of the Fourier number) and on dimensionless parameters for geometry of the boreholes, 

and are predefined in a database. The approach yields a quasi 3-dimensional solution of the 

temperature field through superposition of 2-dimensional solutions. Furthermore, a technique called 

temporal superposition can be used to deal with variable heat pulses (Acuña, et al., 2012). 

The g-function for a certain layout of the boreholes determines the thermal interaction between 

these, where a higher g-value means higher interaction. The value of the g-function increases if the 

boreholes are moved closer to each other, and vice versa if they are further separated (Claesson & 

Eskilson, 1987). 

Since EED only deals with the modeling of the borehole storage, the user is required to give the 

heating and cooling loads of the building as well as eventual peak loads. This can be done by inserting 

an annual load and choosing a monthly distribution, or by directly giving the load for each month. 

The base heating and cooling loads determine the long-term temperature development in the 

ground. If the loads are balanced, the annual mean temperature will after a certain time reach a 

steady state. However, if the amount of heating and cooling differ significantly from each other, the 

temperature of the ground will start to either increase or decrease. 

Peak loads for each month are inserted into the program together with their respective estimated 

continuous duration. EED then calculates the maximum possible temperature variation over the year 

by adding or subtracting the temperature difference that corresponds to the peak load. However, 

since the peak loads only occur during a few hours each month, their energy contents are neglected 

and they therefore do not influence the long-term behavior of the ground (Blocon, 2015). 

The resulting temperatures in EED are the mean fluid temperatures at half borehole depth. This 

means that in heating mode the temperature at the exit of the boreholes will be some degrees 

higher, while in cooling mode some degrees lower, than this mean temperature. More specifically, 

according to the F.A.Q. section on EED’s homepage, these temperature differences are typically 

about 1.5-2.0 K in heating mode and 2.0 K in cooling mode (Buildingphysics.com, 2015). 

In EED it is possible to, for a given load profile and temperature restraints, optimize the number of 

boreholes, depth, and geometry to get an as stable temperature development as possible. This 

feature can be useful during early stage designs of borehole storages. 

                                                           
1
 The top few meters of the borehole usually consist of a layer of soil and in order to keep this soil (and possible 

contaminated surface water) from entering the borehole the top of the collector is supplied with a casing. 
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1.3.3 Implementation in IDA ICE 

The following brief description of how IDA models the heat transfer process in the ground is found in 

the help documentation inside the program (EQUA, 2014).  

The model computes different temperature fields using a finite difference approach, and combines 

these fields through superposition to yield a 3-dimensional field. Three temperature fields are 

computed for each borehole: 

 The 1-dimensional heat transport in the liquid flowing downward and upward inside the U-

tube (including the heat transfer to grout and ground). 

 The 1-dimensional heat transfer in the grout (including heat transfer to liquid and ground). 

 The 2-dimensional heat transfer (expressed in cylindrical coordinates) in the ground around 

the borehole (including heat transfer to grout and liquid). 

To calculate the first temperature field, the system around each borehole is divided vertically into 

several layers. In each layer the temperature field of the fluid and borehole is assumed to be 

homogeneous. This enables an energy balance to be expressed for the heat transport of the fluid. 

In order to calculate the thermal conductivity and heat storage of the ground, the ground around 

each borehole is divided into a 2-dimensional grid. In axial direction this grid follows the previously 

mentioned layer division and in radial direction it consists of concentric circles, or ring elements, 

around the borehole (see Figure 1.3).  

 

Figure 1.3: Division of the borehole into vertical layers and horizontal ring elements (EQUA, 2014). 

The temperature at each node in this vertical plane can then be calculated by adding the 

temperature change due to surrounding boreholes. The temperature interference at a certain 

borehole caused by surrounding boreholes is calculated as a non-dimensional function of the 

distance between the boreholes and the radial distances to adjacent nodes. Since the thermal 

interferences  are not pre-defined (as in EED) but instead calculated for each case, the user is allowed 

to choose the exact borehole layout by entering coordinates and tilt angles. This is one of the major 

differences between how IDA and EED deal with the heat transfer process. 
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In order to speed up the computation, IDA uses symmetry for the placement of boreholes. The user 

can choose to mirror the borehole layout in one, two or three planes corresponding to the x-axis, y-

axis and x=y-axis (45 °-axis), respectively (see Figure 1.3 above). 

Two of the limitations in the IDA model are that the ground properties cannot be varied with depth 

and that all boreholes have the same length. 

2 Modeling 

In the project there are nine building models that influence the load profiles. These are: 

 Model 1: Base model 

 Model 2: Changed U-value of windows 

 Model 3: Changed occupancy and lighting schedules in offices, corridors, conference rooms, 

and pause rooms 

 Model 4: Changed occupancy and lighting schedules in departure halls 

 Model 5a: Changed overall reduction of internal heat gains, alt. 1 

 Model 5b: Changed overall reduction of internal heat gains, alt. 2 

 Model 6: Combination of previous models 

 Simplified model 1 (first IDA borehole model): Same input data as model 1 but with fewer 

zones 

 Simplified model 6 (second IDA borehole model): Same input data as model 6 but with fewer 

zones 

The first seven models are described in the sensitivity analysis (section 2.3) while the last two are 

explained in section 2.4.2. Regarding model 5, two alternative approaches to reduce the internal 

heat loads from the set maximum values are studied (see sections 2.3.5 and 2.3.6). In the simplified 

versions of model 1 and 6, the number of IDA zones is greatly reduced in order to speed up the 

simulation time and to allow for simulating the borehole storage for these two models in IDA. 

In addition to the IDA models, there are also five EED models of the borehole storage (see sections 

2.4.1 and 2.5). 

However, before the different models are presented, some important input data for the building 

construction and borehole storage are shown in sections 2.1 and 2.2, respectively. 

2.1 Input data for building construction 
Table 2.1 shows some of the input data used to create the base building model in IDA ICE. The values 

have been supplied by either Stockholms Hamnar or other involved companies. 
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Table 2.1: Input data for building construction. 

Parameter Value Comments 

Floor area [m2] 15 200  

Envelope area [m2] 25 600  

Window area/envelope area [%] 15.7  

U-value walls [W/(m2,K)] 0.2  

U-value roof [W/(m2,K)] 0.11 or 0.12 The roof above the fourth floor 
has a U-value of 0.12 W/(m2,K). 

U-value floor [W/(m2,K)] 0.11  

U-value windows [W/(m2,K)] 0.7 or 1.25 Total U-value, including frame. 
The roof window on the second 
floor has a U-value of 1.25 
W/(m2,K). 

UA-value of thermal 
bridges/total UA-value [%] 

20  

Average U-value [W/(m2,K)] 0.27  

Maximum supply airflow [m3/s ] 32  

Supply air temperature [°C] 17 or 18 17 °C is the supply set point in 
the departure halls (see model 
description in section 2.3). 

Temperature efficiency of air 
handling unit heat recovery [%] 

80  

Domestic hot water use 
[kWh/(m2,year)] 

3  

 

2.2 Input data for borehole storage 
The following tables (Table 2.2 to 2.6) show the design parameters for the borehole storage models. 

Table 2.2 shows the ground properties that have been obtained from a thermal response test. 

Table 2.2: Ground specific properties. 

Parameter Value Comments 

Thermal conductivity [W/(m,K)] 3.91  

Density [kg/m3] 2 640  

Specific heat capacity [J/(kg,K)] 800  

Volumetric heat capacity 
[MJ/(m3,K)] 

2.11  

Initial ground temperature [°C] 9.24  

Geothermal gradient [°C/m] 0.0164 Fits 9.24 °C initial ground 
temperature at mean depth. 

Geothermal heat flux [W/m2] 0.0478 Corresponds to the 
temperature gradient given 
above. 
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In Table 2.3 the thermal properties of the surface are shown. These parameters have been estimated 

through literature. 

Table 2.3: Surface specific properties. 

Parameter Value Comments 

Thermal conductivity [W/(m,K)] 0.2 Dry sand has approx. 0.3 
W/(m,K) (Granryd, 2009). 

Density [kg/m3] 1 500  

Specific heat capacity [J/(kg,K)] 800  

Annual mean temperature [°C] 7.6 Annual mean air temp. (here: 
6.6 °C) + 1.25 °C/100 days of 
snowbed (here: 80 days) 
(Hellström, 2011). 

 

Table 2.4 shows the design parameters of the existing borehole configuration. Most of these data 

can also be found in section 1. 

Table 2.4: Existing borehole configuration. 

Parameter Value Comments 

Number of boreholes 62  

Total depth [m] 220  

Casing length [m] 5 Assumed to be the same as the 
depth to groundwater 
(Hellström, 2011). 

Approx. hole spacing [m] 8.5 Detailed layout is given in 
Appendix I. 

Diameter [mm] 138  

Filling material thermal 
conductivity [W/(m,K)] 

0.6 (water)  

Shank spacing [mm] 95 Distance between down and up 
going pipe inside the borehole 
(estimated value). 

 

The working fluid is bioethanol and the relevant fluid properties can be seen in Table 2.5. 
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Table 2.5: Properties of the working fluid (bioethanol). 

Parameter Value Comments 

Concentration [wt-%] 15  

Freezing point [°C] -7.36 Taken from the doctoral thesis 
of Åke Melinder (Melinder, 
2007). 

Thermal conductivity [W/(m,K)] 0.471 At -3 °C. 

Density [kg/m3] 980 At -3 °C. 

Specific heat capacity [J/(kg,K)] 4 389 At -3 °C. 

Dynamic viscosity [Pa∙s] 5.3 ∙ 10−3 At -3 °C. 

Flow rate per borehole [l/s] 0.55  

 

The thermal properties and the dimensions of the ground heat exchanger are shown in Table 2.6. 

Table 2.6: Properties of ground heat exchanger (double U-tube made of polyethylene). 

Parameter Value Comments 

Thermal conductivity [W/(m,K)] 0.375 Mean of 0.33 and 0.42 W/(m,K) 
for low resp. high density (The 
Engineering ToolBox, 2015). 

Density [kg/m3] 960  

Specific heat capacity [J/(kg,K)] 2 100  

Outer diameter [mm] 32  

Wall thickness [mm] 2.0  

 

2.3 Part one: Sensitivity analysis 

In order to observe how changes in some of the input parameters affect the heating and cooling 

demand of the building, a sensitivity analysis is performed by simulating a total of seven models. 

These models are described in the following sections. 

2.3.1 Model 1: Base 

The terminal will have four floors (0, 2, 3 and 4) as well as a partial floor (mezzanine) between floor 0 

and 2. In the model, the mezzanine is included on floor 0. The reason for this is because the 

mezzanine is relatively small compared to the other floors (corresponding to about 3 % of the floor 

area of floor 0). The floor layouts in the model are shown in Figure 2.1 through Figure 2.4, in which 

also the internal heat loads for the zones are shown. 

Floor 0 (Figure 2.1) is primarily consisting of storage for spare parts, a fan room, and the energy plant 

of the building. The energy plant in the model also contains several equipment rooms and the heat 

gain from these is 36 kW, with uptime between 05 and 23 every day. It should be noted that the 

mentioned heat gains from equipment in this zone and the following zones are maximum loads, and 

are reduced to average loads in the energy simulations. Note also that the internal loads shown in 

Figure 2.1 to Figure 2.4 are only the ones resulting from equipment. The loads corresponding to the 
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people in each zone are not explicitly shown in these figures, but in general the activity level is set to 

between 1 and 1.2 MET/person (about 105 to 126 W/person). 

 

Figure 2.1: Zone layout and internal heat gains on floor 0. 

Floor 0 also contains the public entrance to the terminal. On the mezzanine (floor 1) is a small office 

and some pause rooms. 

The second floor consists mainly of zones for departing and arriving travelers. It also features public 

toilets, a bistro with a kitchen, zones for luggage inspection and security, as well as some offices (see 

Figure 2.2). Floor 2 also contains an equipment room, with an internal heat load of 10 kW during 05-

23 every day. 

 

Figure 2.2: Zone layout and internal heat gains on floor 2. 

Most of the building’s offices are placed on the third and fourth floors, see Figure 2.3 and Figure 2.4. 

Here is also space for storage and fan rooms, toilets, and changing rooms. There is also a restaurant 

on the third floor. 

 

Figure 2.3: Zone layout and internal heat gains on floor 3. 

On the third floor there is a server room in which the heat gain from equipment is set to 10 kW. This 

load is assumed to be on from 05 to 23 every day. The same applies for the equipment room on floor 

4. 
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Figure 2.4: Zone layout and internal heat gains on floor 4. 

Common in all zones of the building is that during night the ventilation will go into a so called “night 

ventilation” mode in order to utilize the colder outside air for free cooling. In the model, night 

ventilation will only be active from Monday to Friday, May 1 through September 30. In addition, 

several other conditions have to be met: 

 The outdoor temperature is above 12 °C 

 The outdoor air is at least 2 °C below the return air temperature 

 The return air is above 22 °C 

When night ventilation is active, the temperature set point of the supply air is lowered by 10 °C in the 

model. This is done in order to inform the program that no auxiliary heating should be simulated. The 

auxiliary cooling is completely shut off. 

Three air handling units are used in the model: one for the restaurant, one for the departure halls, 

and one for miscellaneous areas. The temperature set point of the supply air is 17 °C for the 

departure halls and 18 °C for the rest of the building. The ventilation flow rates in each zone (see 

below) are set to ensure a good indoor climate in each zone and were determined through 

discussions between Creanova and Stockholms Hamnar. 

The installed lighting power will be 10 W/m2 in almost all zones according to Stockholms Hamnar 

(Eklund, 2014). 

In order to reduce the simulation time and to not restrict the heating or cooling capacities in each 

zone, IDA’s so called “Ideal heater” and “Ideal cooler” are used. These are set to have a high capacity 

and will always be able to keep the temperature in the zone within the given set points, which in a 

simple way will yield the annual heating and cooling demand of the building. These units are later 

replaced by IDA’s “real” room units in order to simulate the borehole storage (see section 2.4.2). 

One important assumption in the base model (and in several of the models in the sensitivity analysis) 

is that there will be some reduction in internal heat gains to take into account that not all people are 

present at all time, and that some of the lights and equipment may be turned off during some hours 

of the day. This reduction is set to 30 % in the base model and regards occupants, lights, and 

equipment in the whole building. In model 5a this factor is varied separately to see how much it 

affects the total energy demand, and a slightly different approach to the reduction of internal gains is 

used in model 5b. 

Below follows more detailed descriptions of the most important zones in the model. 

Zones for departing/arriving travelers  (model area: 6 160 m2) 

The large zones on the second floor and the entrance on floor 0 are designed for 3 000 people in 

total. The number of people in each zone can be seen in Figure 2.1 and Figure 2.2 and the occupancy 

schedule is shown in Figure 2.5. 
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Most of these zones feature floor heating/cooling as well as VAV ventilation. The temperature is 

allowed to vary between 19 and 25 °C in the model. 

 

Figure 2.5: Occupancy schedule for departure halls (model 1). 

The schedule corresponds to 6.25 hours of full occupancy per day. Lights and equipment are 

assumed to be on from 05.30 to 20 every day. 

Restaurant (model area: 520 m2) 

The restaurant is placed on floor 3 and is designed for 150 people (140 customers and 10 staff 

employees). The customers are assumed to follow the schedule shown in Figure 2.6 while the staff 

employees are estimated to occupy the zone between 06 and 22 every day. Lighting and equipment 

are also on during this time. 

 

Figure 2.6: Occupancy schedule for restaurant (model 1). 

The dining part of the restaurant features VAV ventilation and a chilled ceiling. The kitchen part is 

cooled through CAV ventilation (with a flow rate of 0.35 l/(s,m2) + 7 l/(s,pers)) and through chilled 

beams. Lights and equipment are on from 06 to 22 every day. 

The temperature set points in both parts are 21 and 23 °C for the winter and summer case, 

respectively. 

Lounges (model area: 220 m2) 

There are two lounges on the North Eastern side of the building, one on the third floor and one on 

the fourth floor. These are assumed to be occupied from 05 to 23 every day by 35 and 8 people, 

respectively. Some heat gain from equipment (TV or laptops) is assumed. Lights and equipment are 

on between 05 and 23 every day. 
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The temperature set points are 21 and 23 °C for the winter and summer case, respectively. The 

ventilation is constant 0.35 l/(s,m2) + 7 or 10 l/(s,pers).  

Offices and pause rooms (model area: 2 160 m2) 

Office areas correspond to about 15 % of the total building floor area and will therefore have a rather 

high influence on the overall energy performance. In the base model, the offices are assumed to be 

occupied every day between 07 and 21, and lights and equipment are on during this time. All offices 

are equipped with cooling units and the temperature is set to vary between 21 and 23 °C. 

The ventilation is modeled as CAV but in reality it will be possible to force the ventilation. In the 

model, the maximum air flow is used as a constant value (0.35 l/(s,m2) + 7 or 10 l/(s,pers)), which 

may yield an incorrect division of cooling from supply air and from cooling units. As an example, 

when a certain zone is only partially occupied, the constant supply air flow (set for maximum 

occupancy) will be too high and thereby cover all the cooling demand in the zone, when in the real 

case some cooling would be supplied by the room cooling unit. 

Toilets and changing rooms (model area: 480 m2) 

Toilets and changing rooms are modeled without any heat gain from people or equipment. Lights are 

assumed to be on from 07 to 21 every day. 

The heating set point is 19 °C for toilets and 22 °C for changing rooms for both summer and winter 

cases. The ventilation is set to constant 0.35 l/(s,m2). 

Corridors (model area: 500 m2) 

All corridor areas in the building are modeled with zero occupancy and, in most cases, no heat gain 

from equipment. Lights are assumed to follow the same schedule as in offices, i.e. 07-21. 

Corridors that are connected to open office zones are in most cases modeled with cooling units, and 

the set points are 21 and 23 °C. In IDA, it is possible to put openings between adjacent zones and this 

would yield a more realistic result for some of the corridors. However, using these openings in the 

model sometimes causes it to crash and therefore the corridors are, with some exceptions, modeled 

as completely separate zones. This is estimated to have a minor influence in whole year energy 

simulations but may result in large uncertainties in simulations for indoor climate design. 

Storage, fan rooms, stairwells, etc. (model area: 2 430 m2) 

These zones are modeled without occupancy and cooling units, except for some zones that need 

process cooling for special equipment, e.g. server rooms. The heating set point is 19 °C and the 

ventilation flow rate is 0.35 l/(s,m2). Lights in technical areas (fan rooms, energy plant, server rooms, 

etc.) are on for half an hour per day during weekdays and totally off during weekends. In storages, 

lights are assumed to be turned on for 1 hour per day, every day. 

Spare part storage (model area: 2 700 m 2) 

The spare part storage on floor 0 is modeled similarly to the other storage areas, i.e. no occupants or 

cooling units, but the heating set point is 15 °C and lights are on from 05 to 23 every day. 

2.3.2 Model 2: Changed U-value of windows 

According to Narva Project AB, the entrepreneur responsible for the building facades, the U-value of 

the windows (including the frame) will be 0.7 W/(m2,K) (Franke, 2015). This represents a state of the 

art window available from some manufacturers (Environmental Construction Products Ltd, 2015) and 

while the value may theoretically be reasonable, some margin should be considered for the 

installation of the windows, as well as for possible future deterioration. Furthermore, it should be 
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remembered that the U-value is never constant but depends on external parameters such as wind 

speed and temperature, and since the terminal lies at the sea a higher than normal wind speed might 

be possible. 

To see how the window U-value affects the building’s annual heating and cooling demand, it is 

changed from 0.7 to 0.9 W/(m2,K).  

2.3.3 Model 3: Changed occupancy and lighting schedules in offices, corridors, 

conference rooms, and pause rooms 

In the base model, the occupancy hours in all offices are assumed to be 07-21 every day, all year 

round. The same applies for lighting and equipment in offices, corridors, conference rooms, and 

pause rooms. Furthermore, the ventilation in these areas is assumed to be on from 06 to 21. 

It is probably more realistic to assume a schedule according to Figure 2.7, i.e. full occupancy in offices 

during 8-12 and 13-17, and 30 % occupancy in the morning, during lunch, and in the evening. Since 

some of the offices are meant to be call centers for travel booking, 30 % occupancy is assumed from 

06 to 21 during weekends. 

 

Figure 2.7: Occupancy schedule in offices (model 3). 

Office lighting and equipment are assumed to follow the schedule shown in Figure 2.8, emitting full 

power from 07 to 18 during weekdays and 30 % during other hours of occupancy. 

 

Figure 2.8: Lighting and equipment schedule in offices, corridors, and pause rooms (model 3). 

Conference rooms are set to be fully occupied 09-12 and 13-16 during weekdays. During weekends, 

the occupancy is set to 30 % during the same hours. Lighting and equipment are on from 09 to 16 

and set to 100 % during weekdays and 30 % during weekends. 

Pause rooms are assumed to be occupied for only two hours per day, with 30 % occupancy in 

weekends. Lights follow the same schedule as in offices. 
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Ventilation in these zones is now assumed to be fully on from 08-17 and at 50 % capacity during 06-

08, 17-21, and during weekends. 

2.3.4 Model 4: Changed occupancy and lighting schedules in departure halls 

In the large public zones for departing/arriving travelers, the occupancy in the base model follows 

the schedule shown in Figure 2.5. The maximum number of people in these zones is 3 000 and peak 

hours occur when ferries arrive at or leave the terminal. 

In order to see how much the occupancy in these areas affect the annual heating and cooling 

demand, the schedule is readjusted according to Figure 2.9. The peaks are now assumed to occur in a 

narrower timespan and the schedule corresponds to 3.125 hours of full occupancy per day, 

compared to 6.25 hours per day in the base model. 

 

Figure 2.9: Altered occupancy schedule in departure halls (model 4). 

2.3.5 Model 5a: Changed overall reduction of internal heat gains, alt. 1 

All previous models are simulated with a 30 % overall reduction of internal heat gains in order to not 

overestimate the annual heat gain from these sources. However, this factor is hard to determine in 

any exact way and care should be taken when making a decision. 

To see how a change in this parameter affects the annual energy demand, the overall reduction is 

changed from 30 % to 40 %, i.e. simulating a case where the heat gains from occupants, equipment, 

and lights correspond to 60 % of their respective maximum. 

2.3.6 Model 5b: Changed overall reduction of internal heat gains, alt. 2 

In this model, instead of directly reducing all internal gains by 30 or 40 % (as done in previous 

models), the schedule in some selected zones are readjusted to take this reduction into account. This 

is considered a more precise way to estimate the annual internal heat loads. All internal heat gains in 

offices, corridors, conference rooms, and pause rooms are reduced to 60 % of their respective 

maximum. Lighting in departure halls and in the spare part storage on floor 0 is also reduced to 60 %, 

and in the restaurant, both the heat gain from occupants and lighting is reduced to the same 

fraction. 

2.3.7 Model 6: Combination of previous models 

The last model combines the changes of the previous ones, except for model 5a. Instead, the 

approach of model 5b is used together with the changes of model 2-4. The occupants in offices now 

follow the schedule shown in Figure 2.10, i.e. the maximum occupancy is reduced to 60 %. 
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Figure 2.10: Altered occupancy schedule in offices (model 6). 

The same change applies for lighting in offices, corridors, and pause rooms that now follow the 

schedule shown in Figure 2.11. 

 

Figure 2.11: Altered lighting and equipment schedule in offices, corridors, and pause rooms (model 6). 

Regarding conference rooms, the maximum occupancy is also in these zones reduced to 60 % (Figure 

2.12). Furthermore, the hours of occupancy are lowered to four hours per day instead of six 

(compare with model 3). However, due to the conference rooms’ relatively small share of the total 

model area, this is considered to be of minor importance compared to some of the other changes. 

 

Figure 2.12: Altered occupancy schedule in conference rooms (model 6). 

Finally, the occupancy and lighting schedules in the restaurant are changed so that the new 

maximum heat gains correspond to 60 % of their respective previous maxima. 

2.4 Part two: Borehole models with all cooling from the ground 

This part describes the project’s two reference models and covers the approach used to create the 

models of the borehole storage in IDA. 
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2.4.1 Reference models 

To model the borehole storage, the software EED was used, and the input data presented in section 

2.2 is followed as accurately as possible. However, the closest layout that can be modeled is a 

rectangle with 10x6 boreholes (i.e. a total of 60 holes), where the average spacing between each 

hole is estimated to 8.5 m. Furthermore, no tilted holes are considered. The SPF is set to 4.5 for both 

the heat pump and the chiller. This value was supplied by the retailer of the heat pumps and chillers 

used in the project (Wikström, 2015). 

The first two EED models use the load profiles of building model 1 and 6, and all heating and cooling 

is taken from the ground. There is hence no heat rejection through an ambient heat exchanger in the 

summer, and all condenser heat is inserted into the ground. The purpose of these models is to study 

the temperature development in the ground and compare it with the results from IDA. 

2.4.2 IDA borehole models 

In order to use the borehole storage module in IDA ICE, the default energy plant is first replaced by a 

more advanced one. This is done with the aid of IDA’s ESBO (Early Stage Building Optimization) 

mode, although some manual configuration is necessary.  

Since the connection of the borehole module to the building models significantly increases the 

simulation time, two additional building models are created for model 1 and 6. These are simplified 

by having a reduced number of zones (zones with similar temperature set points and activities are 

merged together). In order for the zone heating and cooling demand to be connected to the 

advanced plant, all previously used ideal heaters and coolers are replaced by IDA’s “real” room units, 

i.e. “Water radiator”, “Active beam”, or “Cooling device”. These are configured to be able to cover 

the heating and cooling demands in each zone, which are known from earlier simulations. 

 Figure 2.13 shows the schematic layout of the advanced plant model. 

 

Figure 2.13: IDA model of the building's energy plant. 
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The main components of the plant are a heat pump, a chiller, cold and hot water tanks, and a ground 

heat exchanger. In the plant there is also a top/auxiliary heater (district heating) to ensure that the 

temperature in the hot tank is high enough (45 °C for space and ventilation heating and 55 °C for 

domestic hot water heating). However, during the simulations the top heater stands for the larger 

part of the total heating demand. The reason for this is unknown but there could for example be 

some wrong control signals in the model that make the top heater operate more than it should. Due 

to limited time to identify and rectify the problem, the top heater is not practically used in the 

borehole simulations (its maximum power is set to 1 W). Furthermore, the temperature set point for 

the domestic hot water is 45 °C in order to model only the preheating part (from 10 to 45 °C). 

The heat pump is connected to the ground and covers the building’s space and ventilation heating 

demands, as well as the preheating of domestic hot water. Free cooling from the ground is utilized 

when the exiting brine temperature is 10 °C or lower and the chiller covers the rest of the demand. 

The rating capacities are 630 kW for the heat pump and 580 kW for the chiller. Note that the 

capacities are only valid at the rated conditions and that IDA will calculate instantaneous values for 

each time step. 

The supply and return temperatures are set to 45/35 °C for space and ventilation heating, 12/18 °C 

for ventilation cooling, and 15/18 °C for space cooling (see the building’s flow chart in Appendix III). 

The heat pump will therefore attempt to keep the temperature in the hot tank at 45 °C, while the 

chiller will keep the lowest temperature in the cold tank at 12 °C. 

The borehole brine pump is configured to agree with the real pump, i.e. the maximum flow rate is set 

to 34.1 l/s (0.55 l/s per borehole) at a pressure difference of 200 kPa (two parallel pumps). The same 

applies for the pump at the evaporator inlet (52 l/s, 130 kPa, two parallel pumps) and condenser inlet 

(28 l/s, 80 kPa), see Appendix III. 

In the following section, the configuration of the borehole storage is described. 

Borehole storage 

The borehole storage module in IDA follows the input parameters described in section 2.2, i.e. active 

depth, casing length, borehole diameter, type of heat exchanger, as well as ground, grout, and liquid 

properties. The borehole thermal resistance can be given directly if it is previously known or 

calculated by giving individual resistances of pipe wall, grout, and ground. Here it is directly given as 

0.092 Km/W, in accordance with the result of the thermal response test. This is also close to the 

value obtained in EED (0.0918 Km/W) when the same input parameters are used. It should be noted 

that a parameter with large influence on the borehole resistance is the shank spacing; if it for 

example is changed from 95 mm to 80 mm the borehole resistance changes from 0.0918 to 0.1259 

Km/W, according to EED. Considering that the actual collector is a double U-tube, compared to the 

single U-tube used in the response test, the used resistance is rather conservative. However, as 

previously mentioned, the shank spacing significantly affects the resistance and some margin should 

be maintained. 

In the IDA model, the borehole layout is somewhat simplified in order to use symmetry for faster 

simulations. The boreholes are mirrored in both the x- and y-axis and hence only 16 boreholes are 

needed in the simulation (15 holes that are mirrored in both axes and one hole that is only mirrored 

in the y-axis), see Figure 2.14. The pattern is inserted as a coordinate system, with x and y 

coordinates as well as yaw and pitch angles (the angle between the x-axis and the projection in the 

xy-plane and the tilt angle from vertical, respectively). 
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Figure 2.14: Simplified borehole field coordinates (in meters) and tilt angles. The layout is mirrored in two planes. 

The pattern coordinates for this simplified layout can be found in Appendix II, while the more 

detailed layout is shown in Appendix I. 

2.5 Part three: Borehole models with limited cooling loads and changed 

geometry 
In the real operation of the building, the heating and cooling load to the ground may be limited by 

using district heating or an ambient heat exchanger. Whenever free cooling cannot be utilized (in this 

case when the brine temperature is above 10 °C) the heat pumps will be run in chiller mode, and the 

condenser heat is rejected to the ambient air through the heat exchanger. Also, the peak heating 

loads may be covered by district heating to avoid too low temperature of the brine. 

To find out the annual amount of free cooling that is possible, and the maximum cooling load that 

allows for free cooling, the base and peak loads are lowered to fit a maximum fluid temperature of 

10 °C. This is done in two new models and the simulation period is increased to 25 years. However, 

due to the fact that EED calculates the mean fluid temperature at half borehole depth, the 

temperature at the exit of the boreholes is assumed to be 2 °C lower than this temperature 

whenever heat is injected to the ground (see EED theory in section 1.3.2). This means that 12 °C is 

the limiting temperature in EED that will result in an exit temperature of about 10 °C. 

In order to see the effects of a changed geometry and an alternative depth, one last EED model is 

created. In this model, the number of boreholes, depth, and geometry are optimized to yield the 

most balanced temperature development, given a certain load profile. This load profile is based on 

that of model 6, but altered to still fit a maximum fluid temperature of 12 °C in EED. In other words, 

an iteration of increasing the base and peak cooling loads and running the optimization is done until 

the maximum temperature reaches 12 °C with the best configuration. 

In addition to the restriction of maximum fluid temperature, the land area is limited to about 500x30 

m2, which is larger than the area used for the current installation (approximately 100x35 m2). 

However, this model is only made to illustrate the results of a thermally more favorable geometry, 

one that may not have been possible in reality. 
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The results, i.e. the annual amount of cooling that yields a stable temperature development and the 

maximum cooling load that enables free cooling, are compared with previous results. 

3 Results and discussion 

In this section, the project’s results are presented in three parts in accordance with the modeling 

process. Part one deals with the annual heating and cooling demand for the seven different building 

models, while part two covers the long-term temperature development in the ground and part three 

shows the possible amount of free cooling that can be taken from the ground. 

3.1 Part one: Sensitivity analysis 

The results of the first part of the project, i.e. the sensitivity analysis of internal loads and window U-

value, are summarized in Figure 3.1. The figure shows the annual heating and cooling demand for the 

different models. The heating demand consists of ventilation heating, space heating, preheating of 

domestic hot water, and ground surface heating outside building entrances. The cooling demand 

consists of both comfort and process cooling. 

 As can be seen in Figure 3.1, the variation is rather large between some of the models while not as 

profound between others. For example, model 2 with increased U-value of windows and model 4 

with changed schedule in departure halls show approximately the same heating and cooling 

demands. Furthermore, the results of model 3 show that the new schedules in offices etc. only 

marginally change the heating and cooling demands. Even though these zones stand for a large share 

of the total floor area, the schedules in model 3 do not differ enough from those in model 1 to make 

a significant change in the results. 

 

Figure 3.1: Results of the sensitivity analysis. 

The model that yields the most balanced heating and cooling demands is model 5a with the higher 

overall reduction in internal heat gains. However, if another approach to the reduction of internal 

heat gains is used (in this case the one in model 5b) the results are drastically changed. The cooling 

demand is increased by 33 % while the heating demand is decreased by only about 5 %, compared to 

the base model. It should be noted that the major difference between model 5b and model 5a is that 
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there is no reduction of heat gains from people in the departure halls or from equipment in zones 

with process cooling, hence the large difference in cooling demand. 

This shows that the option to decrease all internal heat gains to a certain share of the maximum 

value may not be a very precise method. Perhaps it is more appropriate to, from the start of the 

modeling process, more accurately estimate a reasonable amount of internal heat gains in each zone. 

The results for model 6 show that the cooling demand is increased by 14 % compared to the base 

model, while the heating demand is increased by 40 %. The heating demand is increased due to the 

combination of changes; higher U-value of windows and lower internal heat gains. Although these 

changes alone should decrease the cooling demand, this model uses the same approach to the heat 

gain reduction as model 5b and therefore the cooling demand ends up somewhere in the middle of 

model 1 and 5b. 

3.2 Part two: Long-term temperature development in the ground 

The temperature development in the ground is only simulated for model 1 and 6 due to the long 

computational time in IDA (over 60 hours for each borehole model). Furthermore, the simulation 

period is set to 15 years. The IDA borehole models are (as previously mentioned) based on the 

original versions, with the same internal heat gains, set points, schedules, etc., but with a simplified 

zone division. When simulating one year in these models (in order to test the consistency of the 

results), the cooling demands are approximately the same as in the original versions but the heating 

demands are about 25 % lower.  

In order to balance the models, the average U-value of the building is therefore increased from 0.27 

to 0.31 W/(m2,K) in model 1 and from 0.31 to 0.35 W/(m2,K) in model 6. This approach can be 

justified by comparing the results of model 1 and 2 in Figure 3.1. As the figure shows, when the U-

value of windows is increased (and thereby also the building’s average U-value) the heating demand 

increases by 18 % while the cooling demand decreases by about 3 %. After implementing the change 

in average U-value, the one year simulations show demands similar to those of the original versions. 

To evaluate the results of the IDA borehole models, the two reference EED models are used. These 

have the heating and cooling loads of model 1 and 6 as inputs and are simulated for 15 years, though 

only on a monthly basis. For model 1, the base load is shown in Figure 3.2 while the peak load is 

shown in Figure 3.3. 
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Figure 3.2: Base energy load profile (building model 1). 

Remember that in the two reference EED models, all condenser heat is supplied to the boreholes in 

the summer (which will not be the case in the real operation of the building). Therefore there is no 

limitation of the base or peak cooling loads in the input sheets of EED. 

As Figure 3.2 shows, there is a minimum cooling demand of approximately 20 MWh, which 

corresponds to the amount of process cooling needed. 

 

Figure 3.3: Peak power load profile (building model 1). 

As can be seen in Figure 3.3, the peak heating demand is 465 kW and occurs in February while the 

peak cooling demand is 554 kW in June. In EED, it has been assumed that the continuous duration of 

these peaks are 10 hours for heating and 4 hours for cooling. 

The fluid temperature development with the loads of model 1 is shown in Figure 3.4. The figure 

shows the mean fluid temperature at half depth calculated in EED, the exit fluid temperature 

calculated in IDA, as well as the hourly fluid temperature variation calculated in IDA. 
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Figure 3.4: Brine temperature development (model 1 loads). 

According to both EED and IDA, the temperature increases every year due to the unbalanced loads 

(higher cooling than heating demand). According to EED, the minimum temperature increases from 

4.0 °C to 7.1 °C, while the maximum temperature increases from 17.6 °C to 20.6 °C. The 

corresponding values in IDA are 6.6-10.6 °C for the minimum and 15.0-18.9 °C for the maximum 

temperature. However, remember that the results in EED show the mean fluid temperature at half 

borehole depth, while IDA calculates the fluid temperature at the exit of the boreholes. 

Hence, in order to compare the results of IDA with those of EED the temperatures calculated with 

EED have to be adjusted. This is done in accordance with section 1.3.2, i.e. 2 °C is subtracted from the 

maximum temperature while 1.5-2 °C is added to the minimum temperature. Figure 3.5 shows the 

results of this adjustment. 
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Figure 3.5: Adjusted brine temperature development (model 1 loads). 

From Figure 3.5 it can be concluded that for year one the minimum exit fluid temperature according 

to EED is about 5.5-6.0 °C, while the maximum is about 15.6 °C. For year 15, the corresponding 

temperatures are 8.6-9.1 °C and 18.6 °C. These temperatures are more consistent with the ones 

obtained from IDA; however, there are still some differences between the two programs, especially 

for the minimum temperature. 

To evaluate the results of the second IDA borehole model (the simplified version of building model 6) 

the second reference model in EED is first simulated, using the base and peak load profiles of building 

model 6 (Figure 3.6 and Figure 3.7, respectively). 
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Figure 3.6: Base energy load profile (building model 6). 

As can be seen in Figure 3.6, one of the main differences between model 1 and 6 is that the base 

cooling load is higher in model 6 during months when there is no, or little, comfort cooling demand. 

The difference is approximately 30 % for these months and it originates from the fact that in model 6 

there is no reduction of internal heat gains in zones with process cooling (server rooms etc.). In 

addition, the heating demand during winter months is between 30 and 65 % higher for model 6 due 

to the combined effects of lower internal heat gains and higher U-value of windows. 

 

Figure 3.7: Peak power load profile (building model 6). 

Figure 3.7 shows that the peak demands of model 6 in most cases actually are decreased compared 

to those of model 1. One reason for the lower comfort cooling demand could be that the occupancy 

in offices is lowered during lunch when the solar heat gain is at a maximum (for zones facing the 

south). The lower heating demand could be a result of the changed ventilation schedule in offices 

etc., where the supply air flow is lowered during the mornings and evenings. 

The resulting fluid temperature calculated in IDA and EED, using the loads of model 6, is shown in 

Figure 3.8. 
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Figure 3.8: Brine temperature development (model 6 loads). 

According to EED, the minimum temperature increases from 4.7 °C to 7.6 °C and the maximum 

temperature increases from 17.2 °C to 20 °C. Corresponding temperatures in IDA are 6.5-9.9 °C and 

14.5-17.8 °C. If the EED temperatures are readjusted to exit temperatures in the same manner as 

before, the results change according to Figure 3.9. 
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Figure 3.9: Adjusted brine temperature development (model 6 loads). 

Now the minimum EED temperature increases from 6.2-6.7 °C to 9.1-9.6 °C while the maximum 

temperature increases from 15.2 °C to 18 °C, and as seen in Figure 3.9, these temperatures are more 

similar to those obtained from the IDA model. 

A short summary and a comparison of the results from IDA and EED are presented in Table 3.1. 

Table 3.1: Comparison of fluid temperatures (IDA vs EED). 

  IDA temperature 
[°C] 

Adjusted EED 
temperature [°C] 

Relative difference 
[%] 

Model 1 
load profile 

Min. temp. year 1 6.6 5.5-6.0 10-20 

Min. temp. year 15 10.6 8.6-9.1 16-23 

Max. temp. year 1 15.0 15.6 3.8 

Max. temp. year 15 18.9 18.6 1.6 

Model 6 
load profile 

Min. temp. year 1 6.5 6.2-6.7 3.0-4.8 

Min. temp. year 15 9.9 9.1-9.6 3.1-8.8 

Max. temp. year 1 14.5 15.2 4.6 

Max. temp. year 15 17.8 18.0 1.1 

 

As Table 3.1 shows, the difference between the IDA results and those of EED is in most cases quite 

low. However, in the heating case with the load profile of model 1, the relative difference is more 

pronounced (between 10 and 23 %). 
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It should be noted that a relatively large uncertainty lies in the assumption of the difference between 

mean fluid temperature at half depth and fluid exit temperature. Apart from this, one reason for the 

differences could be that the load profiles used in the EED model do not perfectly correspond to the 

actual load profiles in IDA. Remember that the IDA borehole model is a simplified version of the 

original one (from which the load profiles used in EED are taken), and that the SPF (Seasonal 

Performance Factor) for the heat pump and chiller is not constant in IDA (as in EED) but varies for 

every time step. In addition, the SPFs used in EED are taken from data supplied by the heat pump and 

chiller retailer but no sensitivity analysis has been performed regarding these. It would be interesting 

to see the effects if these values were changed, but due to time limitation such an analysis was not 

considered. Furthermore, the assumption regarding the duration of the peak loads in EED (i.e. 10 and 

4 hours for heating and cooling, respectively) could be inadequate; in the IDA model, the peaks 

sometimes occur in a smaller timeframe and thereby do not affect the brine temperature as much. 

Other explanations for the mismatch in fluid temperature could be that only 60 boreholes are 

modeled in EED (compared to 62 in IDA) and that EED uses a simpler geometry, which will result in a 

different interaction between the boreholes.  

However, perhaps the largest uncertainty lies in how the energy plant is modeled in IDA. Due to 

limited knowledge about the more advanced features of IDA, the plant used in the borehole models 

does not perfectly correspond to the real building’s plant (compare Figure 2.13 with the flow chart in 

Appendix III).  

In order to make best use of the borehole module in IDA, a high level of knowledge about plant 

modeling should be possessed. The user could then, for example, define set points for when cooling 

should be taken from the ground or from an ambient heat exchanger in order to keep a balanced 

borehole storage. This could be used as a tool for optimizing the control system of the building. 

3.3 Part three: Possible amount of free cooling 

This part presents the amount of free cooling that can be accessed from the ground before having to 

start the chillers. The results in the previous section showed the fluid temperature development 

when all the condenser heat was injected to the ground, but in order to keep the long-term ground 

temperature stable, and to allow for continuous free cooling, the cooling loads have to be limited. 

This is done with the load profiles of both model 1 and 6, and since IDA is not used in this part the 

simulation period is increased to 25 years.  

The resulting temperature development for model 1 with limited cooling is shown in Figure 3.10. As 

can be seen in the figure, the maximum temperature increases slightly in the beginning but stabilizes 

around 12 °C at the end of the simulation period. Meanwhile, the minimum temperature increases 

from about 3.9 °C to 4.3 °C 
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Figure 3.10: Long-term fluid temperature development with limited cooling from the ground (EED with model 1 altered 
loads). 

Figure 3.11 shows both the amount of base cooling (in MWh) that can be taken from the ground 

while keeping the long-term temperature stable, as well as the amount of peak cooling (in kW) that 

allows for continuous free cooling from the ground. The rest of the cooling demand is covered by an 

ambient heat exchanger (HEX). The base and peak heating loads still follow the load profiles 

presented before (Figure 3.2 and Figure 3.3). 

  
Figure 3.11: Base and peak cooling from ground and through ambient HEX (model 1). 

As Figure 3.11 shows, the base cooling demand can be fully covered during 5 months of the year, 

while the peak demand can be covered during 7 months. The possible amount of free cooling from 

the ground corresponds to about 58 % of the total annual cooling demand. 

Figure 3.12 shows the temperature development for the altered load profile of model 6. 
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Figure 3.12: Long-term fluid temperature development with limited cooling from the ground (model 6 altered loads). 

The long-term temperature is also in this case almost constant and the maximum temperature is 

kept at 12 °C. The possible amount of base and peak cooling that can be taken from the ground to 

yield these temperatures is shown in Figure 3.13. The base and peak heating loads are unchanged 

and still follow the load profiles presented in Figure 3.6 and Figure 3.7. 

  
Figure 3.13: Base and peak cooling from ground and through ambient HEX (model 6). 

As Figure 3.13 shows, the base cooling demand can be fully covered during 6 months of the year, 

while the peak demand can be covered during 7 months. The possible amount of free cooling from 

the ground corresponds to about 68 % of the total annual cooling demand (compare with 58 % in the 

case with the load profiles of model 1). The higher share of possible free cooling comes from the 

more balanced loads of model 6 (see Figure 3.1), which allows for more cooling to be taken from the 

ground without raising the ground temperature. 

In the last EED simulation, i.e. where the borehole storage configuration is optimized to yield the 

most stable temperature development, the base and peak cooling loads shown in Figure 3.14 can be 

used. As seen in the figure, the possible amount of free cooling from the ground can with this 

borehole configuration be increased to about 84 % of the total cooling demand. This can be 

compared with 58 % and 68 % for the altered load profiles of model 1 and 6, respectively. 
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Figure 3.14: Base and peak cooling from ground and through ambient HEX (model 6 with changed geometry). 

The suggested design is a field with 96 boreholes, 140 m each, in a 2x48 geometry with an average 

spacing of 11 m. The specific cost for the installation is set to 240 SEK/m (see section 1.3.1) and the 

resulting total cost then becomes approximately 3.2 MSEK, compared to 3.1 MSEK for the original 

design (i.e. 60 boreholes in the EED model). 

The resulting maximum and minimum temperatures can be seen in Figure 3.15, and while they 

increase slightly (about 0.5 °C after 25 years) they become asymptotically stable by the end of the 

simulation period. 

 

Figure 3.15: Long-term fluid temperature development with optimized borehole configuration (model 6 altered loads). 
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4 Conclusions 
1) In order to see the variation in annual heating and cooling demand of the building, the 

internal heat gains and the U-value of windows were changed in an existing IDA ICE model. 

The results of this sensitivity analysis showed that one parameter that greatly affected the 

results was the overall reduction of internal heat gains. Depending on the approach used, the 

cooling demand differed by up to 33 %, while the heating demand changed by about 5 %. 

2) The monthly heating and cooling load profiles were determined for a base model and for a 

model that combined some changes in the sensitivity analysis. The combined model showed 

both higher heating and cooling demands compared to the base model; the annual heating 

demand increased by 40 % while the annual cooling demand increased by 14 %. The cooling 

loads were approximately the same for the two models, except during months with no 

comfort cooling. During these months, the cooling demand was about 30 % higher in the 

combined model. Furthermore, the heating demand was about 30-65 % higher during winter 

months due to the combination of lower internal heat gains and higher U-value of windows. 

3) Two simplified IDA models were built, one for the base model and one for the combined 

model, in which the new borehole module of IDA was implemented. The results of IDA were 

compared to two models created in EED. The results showed that the ground temperature 

development according to IDA agreed well with what was obtained from EED, except for two 

cases where the relative difference was between 10-23 %. It should be noted that this was 

after adjusting the EED temperatures to correspond to exit fluid temperatures (as in IDA). 

Possible reasons for this difference are: i) the load profiles in IDA and EED do not perfectly 

match each other, ii) the assumed difference between mean fluid temperature at half depth 

and exit fluid temperature, i.e. the EED adjustment, is too rough, iii) the borehole 

configuration in EED is not as detailed as the one in IDA, and iv) the plant in IDA does not 

correspond to the real energy plant of the building. 

4) The amount of possible free cooling from the ground was studied for the altered load 

profiles of the base and combined models. The results showed that a relatively larger share 

of the total cooling demand could be covered for the combined model (68 % compared to 58 

% in the base model), which was due to the more balanced load profile obtained for this 

model. 

5) When the number of boreholes, depth, and layout were optimized in EED to yield the most 

stable fluid temperature development with the highest amount of free cooling from the 

ground, it was found that approximately 84 % of the total cooling demand of the combined 

model could be covered by free cooling. This borehole configuration would hence be a better 

choice, but would at the same time require a larger land area. However, this scenario is not 

practically relevant since the borehole field was installed before this project started. It was 

therefore studied here only as an example. 

6) The two programs that have been used to evaluate the borehole storage installation use 

different approaches to calculate the heat transfer between fluid and ground. EED utilizes 

pre-defined so called g-functions and user-supplied load profiles, while IDA calculates 

simultaneous values for each time step and uses the actual building loads at each instance. 

Furthermore, the borehole module in IDA allows for a more detailed configuration, with the 

option of exact borehole coordinates and tilt angles. However, these features all contribute 

to increasing the simulation time, which was significantly longer in IDA. In some cases it 

would be preferable to be able to simulate only the thermal response in the ground due to a 
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certain load, i.e. similar to what EED does. This would decrease the computational time, and 

due to the detailed options for input data, IDA could then be used as a viable alternative to 

other programs commonly utilized to simulate boreholes. As for now, however, the 

conclusion is that EED is better suited for early stage designs of the borehole storage while 

IDA is useful when studying a certain design in greater detail. 
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Appendix I 

Detailed borehole layout 
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Appendix II 

Simplified borehole layout (double symmetry)  
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Appendix III 

Energy flow chart  

 


