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Abstract 

The vast majority of trucks in the European Union are reliant on fossil fuels as their 

primary mode of propulsion. In efforts to decarbonise the truck transport sector 

manufacturers are developing electrified trucks. An electrification may serve to 

reduce the tailpipe emissions of trucks, but it introduces a new challenge to supply the 

cabin with energy. This energy is primarily used to maintain a comfortable cabin 

climate for the driver and passenger. In order to maximise the range of an electric 

truck the cabin energy requirement needs to be minimised. 

This thesis evaluates the current energy performance of a Scania S20H cabin through 

experimental testing as well as simulations using the simulation software GT-SUITE. 

Based on the results from the tests and the models, energy saving concepts were 

generated and their performance was evaluated. The experimental tests were 

performed on a truck in a climate chamber where the ambient temperatures, HVAC 

system fan speeds, air recirculation rate and inlet air temperatures were varied. The 

test data was used to build a one-dimensional simulation model in GT-ISE as well as 

a three-dimensional model in GT-TAITherm.  

The one-dimensional model was calibrated against 10 experimental tests and yielded 

an average relative error for the chosen temperature calibration parameters between 

0.05% and 0.43%. The one-dimensional model showed that the largest energy loss 

was through air evacuation and air leakage, accounting for 70-90% of the input 

energy. The structural energy losses were primarily through the windshield and the 

side windows, accounting for 32% and 23% of the total structural losses respectively. 

Energy saving concepts in the form of low emissivity window glazing, double pane 

windows, xenon filled gas panel insulation and low levels of air recirculation were 

simulated. The best and most plausible combination of the aforementioned concepts 

yielded an average input energy decrease of 31.6%, air loss decrease of 32.9% and a 

structural loss decrease of 27.6% compared to the simulated base cases.  

The three-dimensional model was calibrated against one test case and yielded an 

average relative error of 0.15% for the chosen temperature calibration parameter. One 

energy saving concept in the form of double pane side windows in conjunction with 

low emissivity glazing on all windows was simulated. This concept had a slight 

impact in raising the average cabin air temperature and the interior surface 

temperatures of the windows. The surface temperature change resulted in a decrease 

of cold downdraught from the top roof window and the driver side window. 

In conclusion, the models work as intended providing a time efficient way of 

evaluating the energy performance of structural changes. In order to improve the 

performance, usefulness and accuracy of the models the initial values should be more 

exact. This can be achieved by standardised testing procedures as well as data 

collection with wind speed. 
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Sammanfattning 

I dagsläget körs en stor andel av lastbilarna i den Europeiska Unionen på fossila 

bränslen. För att minska utsläppen till följd av fossildrivna lastbilstransporter har 

tillverkare börjat utveckla elektrifierade lastbilar. Denna elektrifieringstrend leder till 

minskade avgasutsläpp men medför nya utmaningar. Samtidigt som maximal 

körsträcka eftersträvas för fordonet måste även lastbilshytten förses med tillräcklig 

energi för att kunna säkerställa bibehållen komfort hos både förare och passagerare. 

Detta examensarbete utvärderar dagens energiprestanda hos en Scania S20H 

lastbilshytt genom experimentella tester och modeller av hytten skapade med 

simuleringsverktyget GT-SUITE. De experimentella testerna genomfördes på en 

lastbil i en klimatkammare där omgivningstemperaturen varierades. I dessa 

experimentella tester varierades också luftens inloppstemperatur till hytten samt 

fläkthastigheten och återcirkulationen av luft i lastbilens klimatsystem. Den mätdata 

som samlades in i klimatkammartesterna användes därefter till att konstruera två 

simuleringsmodeller av hytten, en endimensionell modell i GT-ISE och 

tredimensionell modell i GT-TAITherm. 

Den endimensionella modellen kalibrerades mot tio experimentella testserier där det 

genomsnittliga relativa felet gentemot testdata för de valda kalibreringsparametrarna 

blev mellan 0,05% och 0,43%. Resultaten från den endimensionella modellen visade 

att den största energiförlusten i hytten var på grund av ventilation och luftläckage, 

vilken motsvarade 70-90% av den tillförda energin. Vidare visade resultaten att de 

delar av hytten som hade störst strukturella energiförluster var vindrutan och 

sidorutorna som stod för 32% respektive 23% av totalen. Energibesparingskoncept i 

form av rutor med lågemissionsskikt, dubbelglasfönster, isolering fylld med xenongas 

och luftåtercirkulation simulerades i den endimensionella modellen. Den 

konceptkombination som gav störst energibesparing och ansågs lättast att 

implementera i verkligheten resulterade i en 31,6% genomsnittlig besparing av tillförd 

energi. För samma kombination minskade ventilations- och läckageförlusterna med 

32,9% samt de strukturella energiförlusterna med 27,6% jämfört med de simulerade 

referensfallen.  

Kalibreringen av den tredimensionella modellen gjordes mot en experimentell 

testserie och resulterade i ett genomsnittligt relativt fel på 0,15% för den valda 

kalibreringsparametern. Ett energibesparingskoncept i form av lågemissionsskikt på 

samtliga rutor samt dubbelglas på sidorutorna simulerades. Detta koncept gav en liten 

höjning av medellufttemperaturen samt yttemperaturen på insidan av rutorna. Dessa 

temperaturhöjningar ledde till en minskad mängd kallras från takfönstret samt 

sidofönstret vid föraren. 

Modellerna presterade som avsett och ger ett tidseffektivt alternativ till 

experimentella tester för att utvärdera energiprestandan vid strukturella ändringar.  

För att öka prestandan, användbarheten samt precisionen hos modellerna bör 

initialvillkoren vara mer exakta. Detta kan uppnås genom standardiserade testrutiner 

vid datainsamling samt tester med fartvind.  
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1 Introduction 

Long haul road freight by heavy duty trucks accounted for 5-6% of the total 

greenhouse gas emissions in the European union as of 2016 and has increased by over 

25% since 1990 [1], [2], [3]. The main contributor to the rising emissions is the 

overwhelming use of truck engines running on fossil fuels, primarily diesel. The 

Swedish government has set a goal to decrease the emission of carbon dioxide 

equivalents linked to domestic transport by a minimum of 70% in 2030 compared to 

2010. Furthermore, their end goal is to have a completely decarbonised vehicle fleet 

by the same year [4]. In order to achieve this and decrease the effects of climate 

change, a decarbonisation of the entire transport sector is required. 

Scania CV AB, from here on referred to as Scania, is a world leading provider of 

transport solutions such as buses and trucks for heavy transport. Scania is already 

working on decarbonising the heavy transport sector by having a large portfolio of 

engines capable of running on alternative fuels such as ethanol, biogas or bio diesels 

[5]. Apart from alternatives to fossil fuels Scania also produces fully electric buses, 

hybrid buses and plug in hybrid trucks [6]. Scania is furthermore exploring other 

decarbonising solutions such as hydrogen fuel cell trucks and battery powered electric 

trucks just to name a few. 

1.1 Background 

Within a truck cabin there are active systems working to maintain a comfortable cabin 

climate for the driver and passenger. These systems continuously monitor the cabin 

climate and supply the cabin with fresh air, heating and cooling as needed. The 

required energy to achieve this is governed by the energy balance between the 

supplied energy from the active systems and the energy losses of the cabin. The 

energy losses can be divided into two major parts: air losses through leakage as well 

as evacuated air and structural losses through e.g. windows and walls. As the 

automotive industry becomes increasingly electrified, new challenges in reducing the 

required energy input to the cabin will arise. These challenges need to be solved in 

order to maintain a good cabin climate whilst maximising the range of the trucks. 

1.2 Purpose 

The aim and purpose of this thesis is to quantify the current energy balance of a 

Scania S20H cabin and examine where the largest energy losses occur through 

testing, creation of simulation models and analysis of the results. Energy efficiency 

measures are then to be conceptualized in simulations using GT-SUITE and  

GT-TAITherm as well in a real truck cabin in order to investigate the real-life 

performance of the concepts. 

1.3 Limitations 

The energy balance investigation and the simulation models will be based solely on a 

Scania S20H cabin and its performance in a winter climate scenario. The construction 

and performance of the heating, ventilation and air conditioning unit and the ducting 

will be left unaltered, thus instead focusing on the physical construction of the cabin 

itself.  
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2 Literature review 

2.1 Laws and regulations concerning trucks and drivers 

Trucks in the European Union (EU) are subject to a number of laws and regulations 

concerning the size and weight of the vehicles. In the EU the maximum dimensions of 

a road transport are: 16.5 m in length, 2.6 m in width, 4 m in height and 40 tonnes in 

Gross Vehicle Weight (GVW) [7]. GVW is defined as the total weight of the truck, 

trailers and goods transported inside the vehicle. There is however a possibility for 

member states to derogate from these rules, if the vehicles are used in national 

transport. One such derogation is found in Sweden where the maximum length is 

25.25 m and the maximum GVW is 74 tonnes [8], [9]. The stated lengths are 

including the cargo, trailers and the truck itself. This has led to the characteristic “flat 

face” of EU trucks as a result of trying to maximise the loading capacity.  

The drivers and their time behind the wheel is also regulated by law. Heavy Duty 

Truck1 (HDT) drivers in the EU (as well as in Iceland, Lichtenstein and Norway) are 

obliged to follow these laws. The laws state, with some exceptions, that the maximum 

driving time per day is 9 hours (although allowed to go up to 10 hours twice a week). 

After 4.5 hours there has to be a break of at least 45 minutes and a longer sleeping or 

rest period of 11 consecutive hours per day is required [10]. There are no laws 

concerning the cabin climate of the truck, there are however some standards and 

recommendations from the Swedish Work Environment Authority. They recommend 

that the desired temperature of the cabin should be over 15℃ and under 27℃, though 

this span is highly dependent on the specific application of the vehicle [11].  

2.1.1 Emissions 

HDT’s account for 27% of CO2 emissions from transport and 5-6% of the total 

Greenhouse Gas (GHG) emissions in the EU as of 2016 [1], [2]. These emissions has 

increased by 25-28.3% since 1990, primarily due to an increase in road freight traffic 

[1], [3]. The high amount of GHG emissions from road freight comes from the fact 

that the vast majority of trucks in the EU are powered by diesel, 98.3% as of 2018 

(further discussed later) [12]. 

The case in Sweden is very similar to the EU one, with long haul trucks accounting 

for 28.5% of emissions in the transport sector and 9% of the total as of 2018 [13], 

[14]. The emissions of the entire transport sector2 saw a decrease, according to the 

European Environment Agency, from 1990 to 2016 with 4.9% [3]. However, the 

Swedish transport administration reports an emission increase for truck freight 

specifically of 35% from 1990 to 2018 [15]. The Swedish transport administration 

explains this increase due to an overall increase in heavy and light duty freight traffic. 

Worth to note is that even though the traffic increased there was an overall decrease 

of 16% in emissions linked to road freight between 2010-2018 [15]. This recent 

emissions decrease can be explained by the increased taxation on light weight trucks3, 

more energy efficient trucks and the growing use of biofuels (21.6% of the fuel usage 

as of 2017 [16]) in the Swedish transport sector as a whole [13], [14]. 

                                                 
1 Trucks weighing over 3.5 tonnes. 
2 All transport including aviation but excluding international maritime. 
3 Trucks weighing less than 3.5 tonnes. 
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The EU has actively been trying to lower the truck freight emissions and has put into 

action different environmental classes for vehicles denoted Euro 1-6 for light vehicles 

(e.g. passenger cars) or EURO I-VI for heavy duty vehicles (e.g. trucks) [17], [18]. 

These emission standards were first introduced in 1992 and has since been updated 

every few years with increased requirements up until 2013 when EURO VI was 

approved and put into law [17]. The EURO VI standard regulates the amount of CO, 

CH4, NOx and NH3 concentrations allowed and it is mandatory for all new vehicle 

registrations to follow this standard as of 2014 [17]. These standards are part of a path 

to reduce the GHG emissions linked to road freight by 15% till 2025 and 30% till 

2030 [2], [17], [18]. This percentage reduction will be based on a reference period 

between July 2019 and June 2020 [19]. 

The EURO I-VI and Euro 1-6 standards are also implemented in Sweden, as well as 

so called “Environmental zones” (ranging from class 1 to 3) located in eight Swedish 

cities as of 2020 [20]. In the class 1 zones Heavy Duty Vehicles (HDV) which meet 

the EURO V standards are allowed until the end of 2020, while the ones meeting 

EURO VI standards are allowed after that [21]. In the class 2 zones light weight 

trucks and vehicles must fulfil at least the Euro 5 standard with a requirement of the 

Euro 6 standard after July 2022 [20], [21]. The class 3 zones have the most strict 

requirements where only fully electric, fuel cell and gas vehicles are allowed as well 

as heavy plug in hybrids meeting the EURO VI standard [20], [21]. 

2.2 Heavy truck propulsion systems 

For the total fleet of medium and heavy duty vehicles in use in the EU by the year 

2018, the share of fuel type in decreasing order was: Diesel 98.3 %, Petrol 1 %, 

Liquid petroleum gas and Natural gas 0.4 % and other fuel types 0.2 % [12].  

The EU has, as mentioned above, recently reached an agreement setting targets for 

reducing the average GHG emissions for new trucks starting the year 2025 [17]. In 

order to adapt to these new regulations truck manufacturers need to shift focus from 

diesel powered engines to engines emitting less CO2 or no CO2 at all. One of the most 

common ways to attack this problem is to use a battery powered electrical propulsion 

system, either combined with an internal combustion engine or as the only propulsion 

system [22], [23]. A vehicle with both a battery powered electrical engine and an 

internal combustion engine is often referred to a Hybrid Electric Vehicle (HEV). If a 

vehicle instead only has a battery powered electrical motor it is often referred to as a 

Battery Electric Vehicle (BEV). Apart from propulsion systems including battery 

electrical motors there are also possibilities for using engines running on bio-based 

fuels and fuel-cell electrical motors to avoid tail pipe emissions of CO2. 

The market share for light HEV´s and BEV´s has been increasing since the year 2012 

and many manufacturers still continue to increase the amount of options regarding 

electrical propulsion systems [19]. For HDV´s on the other hand, the progress has 

been a bit slower. HDV’s with zero tailpipe emissions are in traffic today but the 

range is limited to below 600 kilometres [24]. 

The progress of increasing the share of both BEV and HEV is dependent on a wide 

variety of factors, for example battery related, infrastructure related, and law related. 

The key performance considerations for batteries in a BEV and HEV is the battery 

energy density (both in kWh/kg and kWh/m3), the specific power (W/kg), the 

temperature requirements, the durability of the batteries and safety [9]. Infrastructure 

factors are also related to the battery factors as for example smaller battery capacities 
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need to be recharged more often which in turn requires a denser recharging 

infrastructure.  

As mentioned in section 2.1, the EU and Sweden has rules for maximum length and 

weight for road transports which includes both the cargo and the truck itself. The fully 

electric Nikola One and Two prototypes has an estimated weight of 10.0-10.9 tonnes, 

while a typical Euro VI truck has a weight of 7-8.2 tonnes [25], [26], [27]. The higher 

estimated weight of the Nikola trucks would result in a decrease of payload capacity 

of about 2.7 tonnes (assuming identical trailers) which corresponds to 6.7% of a 40 

tonnes GVW. Tesla has only specified the GVW for their Semi truck, not the weight 

of the truck itself, which means that no speculation regarding the payload capacity of 

the Semi can be carried out [28].  

The maximum payload capacity is of importance for hauliers in order to maximize the 

amount of transported goods. In many cases, however, trucks are filling their cargo 

volume before reaching the payload capacity. This means that the available cargo 

volume can be of greater importance than the payload capacity in many cases [9]. 

For a hybrid or a battery-electric truck the main cost increase is the battery packs [9]. 

In order to be competitive as a truck manufacturer the battery packs should be as 

small as possible, both in regards to weight and volume [9]. From the hauliers 

perspective, the electricity prices are instead the factor that has the biggest impact on 

the total cost of ownership when comparing diesel and battery electric trucks [22]. 

2.3 Auxiliary power units 

An Auxiliary Power Unit (APU) is a unit that provides energy for other purposes than 

the propulsion of a vehicle. In a truck, the APU is normally used to supply heat and 

electricity when the truck is not moving in order to maintain a comfortable cabin 

climate. Many different methods can be used to supply this energy but the three main 

categories are combustion of fuels, the use of electricity, or a thermal energy storage 

system [29].  

An auxiliary power system relying on the combustion of fuels can be powered by for 

example diesel, petrol or renewable fuels [30]. In the category of electrically powered 

systems there are several methods to store and supply electrical energy. These 

different electrical methods are mainly: battery-powered systems, by connecting the 

truck to the electricity grid (also called truck-stop electrification), by storing chemical 

energy and through redox reactions in a fuel cell convert it to electrical energy or to 

create a system supplied by available solar energy [29]. A thermal energy storage 

system can be used to store either sensible heat, latent heat or a combination of both 

in order to utilize later [31]. This can be done with different materials with a high heat 

capacity, for example water or nano coated salts [32].  
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2.4 Structural elements of the truck cabin 

The construction of the cabin plays a vital part to maximise the range of a truck, 

reduce the emissions and maintaining a pleasant cabin climate. This can be done by 

improving the energy performance of the structural components such as windows, 

insulation and vehicle colour.  

2.4.1 Exterior paint colour 

One way to reduce the truck cabin temperature is to minimise the solar heat gain 

transferred from the exterior of the truck through to the cabin. In warm and sunny 

weather this is one of the major contributors to raising the cabin temperature during 

rest periods [33]. Different approaches can be made to prevent this rise with one of 

the simplest ones being the use of a lighter paint. In a solar soak test it was found that 

a passenger car painted silver had a cabin air temperature 4-6℃ lower compared to an 

identical black one [34]. The temperature difference was explained by the higher 

reflectivity of the silver paint compared to the black (0.58 and 0.05 respectively) [34].  

Similar results apply to trucks where the temperature rise over ambient was 31.1% 

lower for a white truck compared to a black one [33]. The white paint also led to a 

20.8% reduction in Air Conditioning (A/C) load for the specific test setup [33]. To 

further reduce the effects of solar gain different reflective coatings can be applied to 

the exterior surfaces [35]. These coatings have the most impact on temperature and 

A/C load reduction when applied to darker vehicles which have a lower reflectivity 

[35], [36]. When applying an IR-reflective coating onto a blue colour, the A/C load 

over 10 hours was reduced with 7.3% compared to the regular blue colour [33]. 

Worth noting, however, is that the reduction in cabin temperature due to colour 

changes and reflective coats are dependent on overall cabin insulation and other heat 

transfer paths, such as the windows [35]. The solar gain through the windows can be 

reduced by the application of a reflective glazing. 

2.4.2 Window glazing 

Solar heat gain through the windshield and windows of a vehicle is the largest 

contributor to its thermal load [35]. Lowering the transmissivity of the glass surfaces 

leads to a decrease in solar gain, however this must be done whilst maintaining 

visibility. Testing of the “Sungate EP”, a solar reflective glazing, on a passenger car 

showed great potential [35], [37]. During solar soak testing the average air 

temperature was reduced by 7.1℃ which resulted in a thermal load reduction of 22%. 

The rather significant reductions were attributed to the low transmittance of the 

glazing which only transmitted 33% of the solar energy. Similar test conducted with a 

solar reduction glass (IR-cut) in an electric vehicle showed that the cabin temperature 

was decreased, regardless of A/C air flow. The installation of this IR-cut glass 

reduced the solar heat load with up to 20% during summer conditions [38]. Achieving 

a lower transmittance is beneficial in attempts to reduce the heat load, there are 

however some limitations. In the EU, the transmittance of visible light has to be at 

least 70% for the driver and passenger windows and 75% for the windshield of a 

vehicle, although some countries have even more strict regulations [39], [40], [41]. 

Due to these laws the reduction in transmissivity by tinting is limited to the 

aforementioned values. Therefore, other technologies must be implemented in order 

to reduce the transmissivity further. 
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An emerging technology for controlling solar gain is Electrochromic (EC) glass. EC 

glass can alter its transparency by applying a current, thus changing its transmissivity  

for visible and solar light in a span from 100-1.2%  and 46-0.7% respectively [42], 

[43], [44]. The possibility to actively change the transmittance may serve as a mean to 

circumvent the EU regulations [39], [40]. EC glass windows are commonly 

constructed like a “glass sandwich” with the EC components in the middle, although 

other methods and even standalone films are available from retailers [45], [46], [47]. 

In a vehicle application EC glass has proven to reduce the transmitted solar power 

with 250% compared to a standard windshield, thus reducing the A/C load with 60% 

[40]. One drawback of EC glass is the need for an electrical power source and 

advanced control systems [35]. EC glass has proven popular in building applications 

and might serve to lower solar gain in HDV’s during rest periods. 

2.4.3 Windows  

The windows play a crucial part in efforts to reduce the overall heat transfer 

coefficient of a truck cabin, defined as UA in W/K. Conventional truck windows 

consist of a 3-6 mm thick pane usually made of polyvinyl butyral (PVB) laminated 

glass4, although some sections such as ceiling windows can be made out of 

Polycarbonate (PC). Even though glass and PVB has a low thermal conduction value, 

k, of 1.4 and 0.2 W/mK respectively [48], the overall U-value when installed in a 

vehicle is around 13 W/m2K [49]. This large increase is due to the considerable effect 

of thermal bridging at the edge seal, an increase which varies depending on the 

overall construction, shape and surface area of the unit [49]. 

Double-Pane Windows (DPW), commonly used in houses, can greatly improve the 

thermal performance of a truck compared to a single pane due to a lower U-value and 

reduced ambient radiation [49]. DPW’s for automotive applications have U-values 

ranging from 5 W/m2K down to 2 W/m2K when installed into a vehicle [49], [50] . A 

lower U-value can yield additional energy savings in colder climates in the form of 

reduced cabin air exchange to prevent window fogging. This is due to the higher 

surface temperature of the interior glass of a DPW compared to a single pane, 5-10℃ 

higher depending on the velocity of the vehicle [49], [50]. A DPW consist of two 

sheets of glass, or PC, (making it up to twice as heavy as a single pane) forming a 

sealed cavity which can be filled by air or an inert gas such as argon. Applying 

DPW’s in vehicles introduces a number of mechanical challenges because of the wide 

range of temperatures and atmospheric pressures a vehicle has to handle. Low 

atmospheric pressures and high temperature differentials can cause the gas cavity to 

collapse or break the edge seal of the unit [49]. This problem can be circumvented by 

using spacers within the cavity, acting as structural supports. This approach can be 

costly and does not solve the other big problem with DPW’s: defrosting. Defrosting 

by directing hot air on the interior glass is ineffective due to the good insulating 

properties of a DPW. Therefore, electric resistance heating is required in the outside 

pane, further driving up the cost and complexity of the window [49]. 

Another type of window is Double Pane Vacuum Windows (DPVW). DPVW’s have 

a similar thermal performance and construction as a DPW with internal spacers, but 

does not have the same pressure differential problems and can be made much thinner 

[49]. However, DPVW’s suffers from the same defrosting problems as DPW’s and 

are more expensive due to the tight glass tolerances needed for vacuum evacuation.  

                                                 
4 Two 1.5-3 mm glass panes are laminated together. 
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2.4.4 Cabin insulation 

In attempts to reduce the effects of heat transfer via conduction in truck cabin walls, 

and therefore reduce the power requirements of the Heating Ventilation and Air 

Conditioning (HVAC) system, testing of different insulation solutions are central. 

Some manufacturers carry the option for extra cabin insulation in certain markets (e.g. 

Volvo cabins FH and FH16), although the exact properties of these options are 

unspecified [51], [52]. Studies have shown through modelling that doubling the stock 

insulation5 has the possibility to reduce the cooling load by up to 35% (with sleeper 

curtains open, discussed later) [53]. The same study concluded that critical heat loss 

areas in the truck body were located at structural seams as well as around air and 

ventilation ducts. Replacing the stock insulation with more advanced materials can 

further decrease the heating or cooling load and the UA-value of a truck cabin.  

One form of advanced insulation is the “Thinsulate automotive acoustic” with a 

thermal conductivity of 0.03 W/mK to 0.05 W/mK. This insulation was applied in the 

form of one and two inch (2.54 and 5.08 cm) thick blankets to the rear sleeper walls, 

sleeper ceiling, sleeper side walls and select portions of a truck cab ceiling. The 

application resulted in a 20.7% reduction of the cabin UA-value [54]. By applying an 

additional 0.25 inch (0.635 cm) thick layer of  the same Thinsulate insulation, as well 

as a reflective radiation barrier between the interior trim and cab structure, the UA-

value was reduced by 33.6% [54]. The extra insulation was installed in order to 

reduce the thermal bridging between the outer steel wall structure and the interior 

cladding. Testing using an unspecified combination of insulation with regards to its 

thickness and k-value showed similar results as those above. Three different 

insulation packages yielded a UA-value reduction by 20%, 26% and 36% 

respectively, with similar reductions in required A/C cooling power [36].  

Insulating foam has many benefits to the insulating blankets used in most trucks. It 

can easily be incorporated into to the fabrication process and can be used to insulate 

areas not easily accessible, such as inside structural side pillars [49]. The thermal 

conductivity is typically around 0.02 W/mK, making it on par or even exceeding the 

properties of normal blanket type insulation [44], [49]. However, these high 

performing foams for automotive applications have a relatively high density 

compared to blanket insulation and can therefore add an undesirable amount of 

weight. 

A way to circumvent adding additional weight, or even reduce the weight, is by using 

Gas-Filled Panels (GFP). GFP’s are constructed of multiple layers of thin metallized 

film, usually a combination of aluminium and plastic, forming cellular structures 

called baffles [49], [55]. These baffles are filled with a gas (at near atmospheric 

pressure) such as air, argon, krypton or xenon all of which are environmentally 

friendly with low thermal conductivity. By utilising these gases GFP k-values as low 

as 0.0074 W/mK, in the case of xenon filling, can be achieved [49]. The overall 

effectiveness, both in regard to insulating properties as well as an economic 

standpoint, of a GFP depends on the size, thickness, number of baffles and the type of 

fill gas. GFP’s for automotive applications must be able to tolerate vibration, rapid 

changes in temperature and pressure as well as high temperatures up to 100℃ if 

installed in the engine compartment. Beyond the resilience to mechanical strain the 

panels themselves need to provide a hermetic enclosure to keep the gas inside and to 

ensure the longevity of the product [49]. A GFP insulated car door showed a heat 

                                                 
5 Stock insulation varies, but is usually made from polyethylene, polyester or textile wool [55]. 
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flow reduction of 60% compared to the stock case, resulting in an average surface U-

value of 8 W/m2K [49]. The UA-value of the cabin and the heating/cooling 

requirement can be decreased further if the insulation packages are paired with 

interior curtains and shades. 

2.5 Truck interior shades 

Most HDT’s are equipped with window shades for the windshield and side windows 

as well as a curtain for the sleeper compartment (though not all truck cabins have a 

sleeper compartment). The main function of the shades and the curtain is to keep light 

out during rest periods, but they have the potential to make the cabin more energy 

efficient as well. Their utilisation can decrease the UA-value of the truck cabin, 

reduce the energy requirement of the HVAC system and at the same time maintain a 

pleasant cab climate both during driving as well as during rest periods. By simply 

closing the stock shades and sleeper curtain during rest periods, the UA-value can be 

reduced by 16-21% [56].  By using special types of windshield and side window 

shades (e.g. foiled bubble insulated or foam insulated), in conjunction with an 

insulated sleeper curtain, the UA-value of the cabin can be lowered by 20.6-26% [57], 

[54]. By applying these special shades and curtains during day time rest, in sunny 

conditions, the interior temperature can be lowered by 4-8℃ [57], [56]. A lowered 

UA-value and cabin temperature will decrease the energy requirement for the HVAC 

system leading to potential fuel savings and increased range of the truck.  

2.6 HVAC systems 

Since the evolution of cars and trucks resulted in a closed cabin, the need for a 

comfortable cabin climate has been of interest for both the drivers and the vehicle 

manufacturers. A comfortable cabin climate does not only enhance the thermal 

comfort of the driver, it also enables a good visibility and reduces the drivers stress 

which in turn reduce the risk of accidents [58]. The climate outside a vehicle can vary 

between for example: hot or cold temperatures, high or low humidity, sunny or cloudy 

skies and even contain air with dangerous pollutants. A car or truck therefore needs a 

HVAC system which can regulate the cabin climate in order to ensure the comfort of 

the driver.  

A typical HVAC system can be divided into two subsystems. The first one is the 

refrigerant system loop with the main parts being a compressor (mechanical or 

electrical), a gas cooler (condenser), an expansion valve and an evaporator. The other 

subsystem is the engine coolant loop which is driven by a water pump that circulates 

the engine coolant between the engine, a heat exchanger inside the HVAC unit and 

the radiator in the front grille of the vehicle. The two subsystems, shown in Figure 1, 

are used in a HVAC unit in order to regulate the temperature and humidity of the 

fresh air from outside.  

The fresh air in Figure 1 starts by entering the HVAC unit to the left (point 1) and 

then gets cooled (if the A/C is active) when passing through the evaporator (point 2). 

A sensor measures the air temperature at this point which is then compared to the 

temperature in the cabin, the temperature set by the driver and the outside 

temperature. Depending on the differences between these temperatures, the 

compressor either increase or decrease its speed in order to regulate the heat transfer 

in the evaporator. These temperature differences also regulate the signal to the flap 

next to the engine coolant heat exchanger so that the air is either directed to the 

engine coolant heat exchanger and heated (point 3) or bypass the heating section by 
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taking the direct path to the cabin ducts at point 4. As the figure shows there is also a 

possibility for the flap to make a partial bypass which leads to a mix of cold and hot 

air at point 4. Two other flaps are visible to the left in the figure, these flaps are 

activated when the cabin air recirculation system is engaged. The position of these 

two flaps will regulate how much fresh and recirculated air will be allowed to enter 

the HVAC unit. As the air has reached point 4 in the figure, it enters the ducts which 

distributes the air to the air distributing nozzles of the cabin.  

 

 

Figure 1. Schematic view of how a HVAC unit regulates properties of incoming air to the cabin. 

2.6.1 Zoned and spot ventilation  

The air distributing nozzles are usually positioned to supply air on the driver’s feet, 

the windshield and on the dashboard facing the driver. This standard approach relies 

on creating a uniform temperature throughout the cabin instead of directly focusing 

on the comfort of the driver. By heating or cooling the entirety of the cabin a lot of 

energy is required, especially in the initial phase of start-up when the cabin can be 

very warm or very cold. Even though the Automatic Climate Control system (ACC, 

discussed later) controls the airflow in order to optimise comfort, the nozzle 

positioning is far from optimal [35]. One approach to reduce the A/C power 

requirement is by using zoned ventilation.  

Zoned ventilation focuses on creating micro-climates within the cabin (e.g. one zone 

around the driver, one around the passengers and so on) giving better independent 

temperature control [35]. In an HDT, closing the sleeper curtain while driving will 

reduce the climatized cabin volume significantly thus reducing the HVAC-load. This 

zoned approach serves to maintain thermal comfort but at a lower heating/cooling 

power by avoiding heating up the entirety of the cabin. By altering the position and 

the specific airflow through different nozzles the thermal comfort can be improved 

further via spot ventilation. 

Spot ventilation focuses airflow on specific parts of the driver´s body such as the 

chest, lap as well as body parts in contact with the seat. One other potential area for 

spot cooling is the face, although the air flow has to be low to prevent discomfort 

from dry eyes [59]. Focusing the nozzles on specific areas means that the thermal 

comfort of the passenger can be greater, achieved faster and with 30-50% less airflow 
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compared to the standard approach [60]. The lower requirement in airflow means 

lower A/C power, both in regard to compressor work as well as fan power. 

2.6.2 HVAC system control 

Controlling the components described in Figure 1 are some of the key properties of an 

Automatic Climate Control system, ACC. An ACC system normally controls the 

aforementioned mechanical parts, but also the speed of the fan which blows air into 

the cabin ducts. Although most new cars and trucks has an ACC system there is still a 

possibility for the driver to manually regulate the operation of the HVAC unit and 

potentially use more compressor/fan power than the ACC would have done. The 

operating mode of the HVAC system which requires the most energy is when the A/C 

is activated since it requires the compressor of the refrigerant loop to work. The 

energy requirement of the A/C varies depending on which refrigerant is used, 

discussed later. 

A study made by Fiat showed that the fuel consumption of a car can increase with  

29-37% when the A/C system is turned on, as that compressor was mechanically 

driven by the engine [61]. The National Renewable Energy Laboratory in USA 

(NREL) came to a similar conclusion regarding the negative impact on driving range 

in BEV’s when the A/C was operating. The results showed that the range was 

decreased with 18-38% when A/C was active in the different driving cycles [62]. 

Apart from distributing air into the cabin of the vehicle another important aspect of a 

proper HVAC system is how the air eventually leaves the cabin. In order to reduce the 

heat loss through air leaking out, the cabin should be sufficiently airtight. However, 

since a driver exhales CO2 it is a good idea to allow some air to escape from cabin. 

Scania’s solution to this is two openings in the rear wall of the cabin where the air is 

evacuated due to by the pressure difference between the inside and outside of the 

cabin. This opening also works to enhance the distribution of fresh air inside the cabin 

and the temperature distribution inside. Another method is one used by MAN, who 

relies on the concept that the air eventually will find its way out through gaps in the 

construction of the cabin. 

A study made by NREL analysed and tested a solar-powered ventilation system. The 

solar-powered ventilation system was installed in a parked Cadillac STS (car) with 

the fans of the system mounted inside the sunshade next to the sunroof glass. The test 

was performed during the summer with the car parked and having the sunroof open. 

This enabled the fans to either pull air out of the cabin or blow air from the outside 

into the cabin. The test results showed that the best method to reduce the air 

temperature inside the cabin of the car during a solar soak was to pull air out of the 

vehicle instead of having air blown inside [63].  

2.6.3 Refrigerants 

The most used refrigerant in automotive applications is the hydrofluorocarbon 

1,1,1,2-tetraflouroethane, more commonly called R134a [64]. This non-flammable 

and cheap ($3-4/kg) chemical saw its rise in the early 1990’s and by 2004 all vehicles 

produced or sold in Japan, Europe and North America were using it [64]. R134a is 

however a potent GHG with a Global Warming Potential6 (GWP) of 1300-1430, 

                                                 
6 A metric to compare the potential of a GHG to trap heat in the atmosphere set with CO2 as the 

reference baseline [90]. 
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calculated over 100 years [64], [65], [66]. The large GWP100 value of R134a has led 

to an EU-ban in new vehicle models since the first of January 2011 and a complete 

ban for all new vehicles since the first of January 20177 [66]. The ban forced the 

automotive industry to try out new refrigerants with a GWP100 under 150, in 

accordance with the EU MAC directive [67], which resulted in two promising 

replacements. 

One alternative refrigerant is carbon dioxide, also called R744. Even though a major 

contributor to climate change, it has one of the lowest climate impacts of all 

commercially available refrigerants with a GWP100 of 1 [64], [68]. A refrigeration 

system with R744 faces some major challenges due to the characteristics of the 

refrigerant. The operating pressure is five to ten times higher compared to a R134a-

system warranting high pressure components which in turn makes the R744-systems 

expensive [64], [68]. The performance of R744-systems is also lower compared to 

R134a-systems with a lower Coefficient Of Performance, COP, values (21-34% lower 

in some testing [69]) and lower efficiency during idle and high loads to mention a few 

[64], [70]. The aforementioned factors have effectively ruled out R744 for automotive 

use. 

The most promising replacement to R134a, and the refrigerant which is used in the 

majority new of cars for the EU market as of 2017, is 2,3,3,3-tetraflouropropene 

commonly called R1234yf [64], [71], [72]. R1234yf has a short atmospheric life of 

around 11 days and a GWP100 of less than 1 (early investigations stated a GWP100 of 

4) [64], [73], [74], [75]. Compared to R134a, R1234yf is moderately flammable and 

can potentially produce hydrogen fluoride (HF) during a vehicle fire [64]. This was 

reported in the media as being a major hazard and concern with the technology [76]. 

This reporting was most likely exaggerated since scientific studies concluded that the 

new system did not pose any additional threat compared to existing ones [77], [78]. 

Systems built with R1234yf are similar to those using R134a making the integration 

for automotive applications fairly straight forward, thus many direct comparisons 

have been made. The performance of a R1234yf-system is again similar to a R134a 

one, though with 1.8% to 30% lower COP values [68], [73], [79]. This high variance 

is highly dependent on the overall construction of the system, with the 

implementation of an internal heat exchanger being a way to lower the spread 

significantly [68], [73]. The slightly lower efficiency and the higher price of R1234yf 

(approximately 10-15 times more expensive than R134a [64]) is outweighed by the 

environmental benefits and it will likely be the standard refrigerant in the automotive 

industry for years to come [80]. 

  

                                                 
7 This ban does not include the use in HDV such as trucks and buses [72].  
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3 Theory 

The energy performance and climate of a truck cabin is related to the different modes 

of heat transfer acting on the air volume of the cabin as well as the interior and 

exterior surfaces. The complex geometry of a cabin and the heterogeneity of the 

different sections of the cabin walls makes it difficult to calculate the heat transfer 

exactly the way it occurs in a real cabin. The problem gets easier to handle if the level 

of detail is decreased by lumping together similar parts within the construction. The 

following sections cover the nature of the different heat transfer modes in a cabin and 

how they can be modelled in GT-SUITE. 

3.1 GT-SUITE 

GT-SUITE is a multi-physics simulation platform by Gamma Technologies consisting 

of multiple applications for pre-processing, modelling and post-processing. GT-

SUITE is highly versatile and can be used for constructing models for a multitude of 

applications such as: on-highway vehicles, off-highway vehicles, industrial 

machinery, aerospace and marine applications to name a few [81]. There are a number 

of included libraries within the software to handle e.g. flow, acoustics, heat transfer, 

mechanics and signal processing [82]. The main simulation modelling environment is 

called GT-ISE (GT-Integrated Simulation Environment) and is the program where the 

majority of 1D-modelling takes places. This thesis will focus on the use of the heat 

transfer and flow libraries in GT-ISE v2020 as well as the 3D modelling and co-

simulation capabilities, expanded upon below. 

3.1.1 GEM 3D 

The GT-SUITE application GEM 3D is a pre-processing tool that can be used to 

create 3D flow models and discretise a flow model into a multitude of small volume 

elements which can later be used as a subassembly in GT-ISE. A 3D CAD model of 

the flow geometry is needed as an input for the creation of the small volumes. It is 

also possible to add flow blockages by importing 3D CAD models of the blocking 

geometry, thus preventing the creation of volume elements in these areas. Some other 

functionalities of GEM 3D are the possibilities to add fluid boundary conditions such 

as flow openings with a specified location and geometry as well as the placing of 

various sensors inside the flow volume.  

3.1.2 GT-TAITherm 

GT-TAITherm is a 3D thermal simulation software for transient or steady-state 

analysis. The software solves heat transfer equations for radiation (both solar and 

thermal), convection and conduction by using a multi-grid method. By using a multi-

grid method, the solver is capable of converging for a small number of iterations even 

for models with fine meshes [83]. GT-TAITherm can be used for 3D cabin modelling 

trough co-simulation in the GT-ISE environment. This creates the possibility to 

integrate the 3D cabin into other models of a vehicle like the A/C circuit. 
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3.2 Conduction 

Conduction is the energy transfer from more energetic particles within a substance to 

the less energetic ones. Conduction can take place in either solids, liquids or gaseous 

materials. The rate of energy transfer is dependent on the geometry and the material 

properties as well as the temperature difference across the subjected medium. Three-

dimensional heat transfer in a transient case (i.e. the temperature varies over time), 

with a constant k-value and in cartesian coordinates is described by the Fourier-Biot 

equation: 

 
𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2
+

𝜕2𝑇

𝜕𝑧2
+

�̇�𝑔𝑒𝑛

𝑘
=

ρcp

k

𝜕𝑇

𝜕𝑡
, (1) 

where 
𝜕2𝑇

𝜕𝑥2, 
𝜕2𝑇

𝜕𝑦2 and 
𝜕2𝑇

𝜕𝑧2 describes the heat flux in the x, y and z direction in K/m2, �̇�𝑔𝑒𝑛 

is the internally generated heat in W/m3, k is the thermal conductivity of the material 

in W/mK, ρ is the density of the material in kg/m3, cp is the specific heat capacity of 

the material in J/kgK and 
𝜕𝑇

𝜕𝑡
 is the temperature differential change over time [84]. By 

modification of (1) it can be utilised for most conductive heat transfer applications 

with a constant k-value. One such application is one-dimensional, steady heat transfer 

through a standing wall, seen in Figure 2. This is expressed by Fourier´s law of heat 

conduction as 

 �̇�𝑐𝑜𝑛𝑑 = −𝑘𝐴
𝑑𝑇

𝑑𝑥
, (2) 

where �̇�cond is the rate of conduction heat transfer in W, A is the heat transfer area in 

m2 and 
𝑑𝑇

𝑑𝑥
 is the temperature gradient through the material in the x-direction of the 

heat transfer [84]. The negative sign in (2) ensures that a positive heat transfer in the 

positive x-direction. 

 

 

 

 

Figure 2. Steady state heat conduction through a large plane wall of thickness δ, thermal conductivity 

𝑘 and area A. 
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By applying the boundary conditions T=T1 at x=0 and T=T2 by x=δ, (2) can be 

expressed as  

 �̇�𝑐𝑜𝑛𝑑 =
𝑇1 − 𝑇2

δ

𝑘𝐴

. (3) 

The denominator in (3), 
δ

𝑘𝐴
 is commonly denoted as thermal resistance, R in K/W, in 

e.g. building applications and R-1=UA where U is the thermal transmittance in W/m2K 

[85].  

The thermal resistance concept makes it possible to couple several different materials 

and calculating the total thermal resistance of e.g. a wall. In the case of coupling 

different layers, perfect contact between the layers is usually assumed, see  

Figure 3 a). This is not the case in real world applications where the thermal contact 

varies with the roughness of the contacting surfaces as well as the contact pressure, 

see Figure 3 b). The material imperfections form tiny air pockets which act as an 

insulating layer, increasing the thermal resistance between the layers [84]. 

 

3.3 Convection 

Convection is the energy transfer between a solid surface and an adjacent liquid or 

gas in motion. The convective heat transfer rates are strongly dependent on the fluid 

properties such as its dynamic viscosity, thermal conductivity, density, specific heat 

as well as the fluid velocity. It is also dependent on the geometry of the surface, its 

roughness and the characteristics of the flow (e.g. laminar, transitional or turbulent). 

Convection heat transfer can be roughly divided into two subsections: forced and 

natural convection. Forced convection occurs when a fluid is forced to flow over the 

subjected surfaces by external means such as a pump, fan or the wind. Natural 

convection occurs when the movement of the fluid is caused by buoyancy forces 

induced by changes in density due to temperature variations within the fluid. 

3.3.1 Forced convection 

When a fluid flows over a surface a velocity boundary layer, seen in Figure 4 a), 

develops. The dynamic viscosity of the fluid generates friction between itself and the 

surface over which it flows. The friction causes the fluid closest to the surface to slow 

Figure 3. Temperature distribution and heat flow lines between two solid plates for the case of  

perfect, a), and imperfect, b), thermal contact. 
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down to a complete stop due to the no slip condition8. This layer slows down the 

neighbouring layers in the y-direction up until a certain point (𝑦 = 𝛿) where the  

x-component of the fluid velocity is essentially unchanged (𝑢𝑥 = 0.99𝑉). This point is 

defined as the thickness of the velocity boundary layer [84].  

 

The formation of a thermal boundary layer is similar to the formation of the velocity 

boundary layer, as can be seen in Figure 4 b). The temperature within the thermal 

boundary layer ranges from 𝑇𝑠 at the surface to 𝑇∞ located sufficiently far from the 

surface. The fluid layers influence each other’s temperature until they reach thermal 

equilibrium, resulting in the formation of the temperature profiles seen within the 

thermal boundary layer in Figure 4 b). The thickness of the thermal boundary layer 

(δ𝑡) increases in the direction of the flow and is defined as the distance from the 

surface at which 𝑇 − 𝑇𝑠 = 0.99(𝑇∞ − 𝑇𝑠) at any location along the x-axis. This is due to 

the fact that the heat transfer effects are felt at greater distances going down stream 

[84]. 

The development of the temperature profile is strongly dependent on the velocity 

boundary layer since they occur simultaneously. This means that the relationship 

between these two boundary layers have a significant impact on the convective heat 

transfer. The relationship between relative thicknesses of these two boundary layers 

can be described by the dimensionless Prandtl number 

 𝑃𝑟 =
𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚

𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 ℎ𝑒𝑎𝑡
=

μ𝑐𝑝

𝑘
, (4) 

where µ is the dynamic viscosity in kg/ms. A small Prandtl number, Pr<<1, means 

that the thermal diffusivity of the fluid dominates, whereas a large number means that 

the momentum diffusivity dominates [84]. 

Furthermore, the characteristics of a flow can be determined by the dimensionless 

Reynolds number 

 𝑅𝑒 =
𝐼𝑛𝑒𝑟𝑡𝑖𝑎 𝑓𝑜𝑟𝑐𝑒𝑠

𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
=

𝑢𝐿𝑐

𝜈
, (5) 

where Lc is the characteristic length of the geometry in m, u is the fluid velocity in 

m/s and 𝜈 is the kinematic viscosity of the fluid in m2/s. A large Re means that the 

viscous forces of the fluid are smaller than the inertia forces, leading to a higher 

                                                 
8 Fluids ”stick” to the solid boundaries in which they are contained [87]. 

Figure 4. a) The development of a velocity boundary layer for a flow over a flat plate.  

b) The development of a thermal boundary layer for a flow over a flat plate where the fluid is hotter 

than the surface of the plate. 
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probability of a turbulent flow. A small Re means that the viscous forces are larger, 

thus preventing random fluctuations within the fluid, leading to higher probability of a 

laminar flow [84]. 

The overall rate of convective heat transfer is expressed by Newton´s law of cooling 

as 

 �̇�𝑐𝑜𝑛𝑣 = ℎ𝐴𝑠(𝑇𝑠 − 𝑇∞), (6) 

where �̇�𝑐𝑜𝑛𝑣 is the convective heat transfer in W, h is the convection heat transfer 

coefficient in W/m2K, 𝐴𝑠 is the heat transfer surface area in m2, 𝑇𝑠 is the surface 

temperature in ℃ and 𝑇∞ is the fluid temperature in ℃ far away from the surface 

[84]. The Nusselt number 

 𝑁𝑢 =
ℎ𝐿𝑐

𝑘
, (7) 

is commonly used to directly calculate the h-value in (6) [84]. When dealing with 

forced convection the Nusselt number can be determined via different correlations 

depending on the flow characteristics and geometry aspects mentioned above. These 

correlations vary but are usually of the form  

 𝑁𝑢 = 𝐶𝑅𝑒𝐿
𝑚𝑃𝑟𝑛 (8) 

where m and n are constant exponents and C is a constant depending on geometry and 

flow [84]. The forced convection occurring during driving is modelled in GT-SUITE 

as 

 ℎ𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = 1.163(4 + 12√𝑣/3.6), (9) 

where hexternal is the external heat transfer coefficient in W/m2K and v is the vehicle 

velocity in km/h. 

3.3.2 Natural convection 

As previously mentioned, natural convection occurs when the movement of the fluid 

is caused by internal buoyancy forces. The effect of the buoyancy forces in relation to 

the viscous forces are explained by the Grashof number 

 𝐺𝑟𝐿 =
𝐵𝑢𝑜𝑦𝑎𝑛𝑐𝑦 𝑓𝑜𝑟𝑐𝑒𝑠

𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
=

g𝛽(𝑇𝑠 − 𝑇∞)𝐿𝑐
3

ν2
, (10) 

where g is the gravitational acceleration in m/s2 and β is the coefficient of volume 

expansion in 1/K [84]. Much like how the Reynolds number can be used to determine 

if a fluid flow is laminar or turbulent for forced convection applications the Grashof 

number does the same for natural convection. Hence, a large Gr means a higher 

probability of turbulent flow and vice versa.  

In order to determine the h-value for natural convection applications the Nu-number, 

(7), can be used. The Nu-correlations are usually of the form 

 𝑁𝑢 = 𝐶(𝐺𝑟𝐿𝑃𝑟)𝑛, (11) 

where the value of the constants C and n depends on the surface geometry and the 

flow [84]. The h-value for natural convection of gases typically ranges from 2-25 

W/m2K, with a GT-SUITE suggested value of under 20 W/m2K for the interior of the 

cabin [84]. 
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3.4 Radiation 

The heat transfer modes of both conduction and convection requires the presence of a 

temperature gradient in some form of matter, but this is not the case for heat transfer 

through radiation. Heat transfer through radiation does not require any transport 

medium and only relies on the surface temperature of the matter which is observed. 

The spectrum of thermal radiation ranges from the start of the visible light spectrum 

at a wavelengths of 0.1 µm to the end of the infrared spectrum at 100 µm [86]. 

3.4.1 Surfaces exposed to solar and atmospheric radiation 

All forms of matter which is at a nonzero temperature emits radiation and the 

equation describing the emissive power per unit area, E, of a surface is given by 

 𝐸 = 휀𝜎𝑇𝑠
4, (12) 

where 휀 is emissivity of the surface, 𝜎 is the Stefan–Boltzmann constant and 𝑇s is the 

absolute surface temperature in K [86].  

For a real surface9 exposed to solar and atmospheric irradiation, the radiative flux per 

unit area is shown in Figure 5 below. The sun and the atmosphere irradiate a flux to 

the surface, denoted G (W/m2) in Figure 5 which may be expressed as 

 𝐺 = 𝐺solar + 𝐺atm. (13) 

The surface itself has a temperature which generates an emissive flux according to 

(12) from the surface, denoted E in the figure. Some part of the solar and atmospheric 

irradiation is reflected on the surface, denoted Gref in the figure and some part of the 

irradiation is absorbed into the surface and converted to internal thermal energy, 

denoted Gabs in the figure. Irradiation can also be transmitted through the surface  

(e.g. visible light through glass materials) which is denoted Gtr in the figure.  

 

Figure 5. Radiative fluxes on a real surface element exposed to solar and atmospheric irradiation. 

The material properties of the surface will influence how much of the irradiation that 

will be reflected, absorbed and transmitted. These fractional properties of a material 

are called reflectance 𝛾, absorptivity 𝛼 and transmittivity 𝜏. As these properties 

represents the fractional distribution of the irradiation into and out of a surface, the 

relationship 

 𝛼 + 𝛾 + 𝜏 = 1 (14) 

is valid. 

                                                 
9 A surface that is not diffuse and its spectral radiation emitted differs from the Plank distribution [86]. 
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The reflectance, absorptivity, transmissivity and the emissivity are dependent on the  

spectral and directional distribution of the radiation which complicates the process of 

analysing surface radiation [86]. These properties are however often measured for 

different materials and structures which gives the resulting total hemispherical10 

property as an average [86]. All terms included in (14) are referring to the resulting 

total hemispherical property as an average respectively. 

The irradiation that gets reflected on the surface, Gref in Figure 5, may be expressed as  

 𝐺ref = 𝛾𝑠𝑜𝑙𝑎𝑟𝐺𝑠𝑜𝑙𝑎𝑟 +  𝛾𝑠𝑘𝑦𝐺𝑎𝑡𝑚. (15) 

The transmitted irradiation, Gtr may be expressed in the following similar equation   

 𝐺tr = 𝜏𝑠𝑜𝑙𝑎𝑟𝐺𝑠𝑜𝑙𝑎𝑟 +  𝜏𝑠𝑘𝑦𝐺𝑎𝑡𝑚. (16) 

The atmospheric irradiation, 𝐺atm in (13), (15) and (16) is dependent on the effective 

sky temperature and may be expressed as 

 𝐺atm = 𝜎𝑇𝑠𝑘𝑦
4 . (17) 

Apart from material properties of a surface exposed to radiation, the angle of the 

irradiation will also impact the radiative fluxes on the surface. For a surface exposed 

to solar irradiation, the radiative fluxes will change during the day due to the changing 

position of the sun. In order to take this positional change into account, the zenith 

angle of the sun can be included to enable calculations for different solar positions. 

The zenith angle 𝜃 of the sun is the angle between the normal direction of the earth’s 

surface at a particular point and the unscattered direct irradiation direction of the sun, 

shown in Figure 6. 

 

Figure 6. Schematic description of the zenith angle of the sun. 

One suitable way to express vertical solar intensity in Figure 6 to the surface is by 

using 

 𝐺solar,vert = 𝐺solarsin 𝜃. (18) 

In the case of dealing with radiation exchange between surfaces a View Factor (VF) is 

normally included in the calculations regarding the radiation fluxes since the surfaces 

in question may not be fully exposed to each other. The VF is defined as the fraction 

of radiation that leaves a surface and is intercepted by another surface. Figure 7 below 

                                                 
10 In all wavelengths and all directions. 
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shows an example of when the sun radiates on one of the surfaces of an arbitrary 

object. The sunlight intercepted by this surface and other surfaces of the object may 

differ depending on how the object (and its surfaces) are oriented with respect to the 

sun. 

 

Figure 7. An example on the concept of View Factors for surfaces exposed to solar radiation. 

3.4.2 Heat gained from radiative fluxes on a truck cabin 

As mentioned in 3.4.1, the VF and the position of the sun will impact the irradiation 

on a surface. When considering a truck cabin exposed to sunlight with a zenith angle 

of 90⸰ (the sun straight above the horizontal roof of the cabin), the horizontal roof will 

be fully exposed to the sunlight. If the windshield instead is considered, it may only 

be exposed to a fraction of the solar irradiation depending on the inclination and 

shape. In this zenith angle example of 90⸰ , the VF for the horizontal roof would be 

equal to one and the VF for the windshield would be equal to something less than one. 

Since both the VF and the solar vertical component in (18) can influence the absorbed 

irradiation in a surface, the expression  

 𝐺abs = (𝑉𝐹𝛼solar𝐺solar sin 𝜃) + 𝛼sky𝐺atm (19) 

may be used to calculate the absorbed irradiation on surface per unit area of the cabin 

for different zenith angles, if the VF for each surface is based on zenith angles of 90⸰.  

When dealing with metallic surface materials, like the cabin body of a truck which is 

opaque to thermal radiation, the transmissivity of the surface,  𝜏𝑠𝑜𝑙𝑎𝑟 = 𝜏𝑠𝑘𝑦 = 𝜏 = 0 

and (16) also becomes equal to zero. The resulting radiative fluxes on the opaque 

parts of the cabin body exterior reduces to the ones shown in Figure 8. 

 
Figure 8. Radiative fluxes on a real, opaque surface exposed to solar and atmospheric irradiation. 

 

 

 



 

20 

 

The net radiation heat gain per unit area, 𝑃𝑔𝑎𝑖𝑛𝑒𝑑, in the opaque parts may then be 

described by combining (12), (17) and (19) as 

 𝑃𝑔𝑎𝑖𝑛𝑒𝑑 = (𝑉𝐹𝛼solar𝐺solar sin 𝜃) +  𝜎( 𝛼sky𝑇𝑠𝑘𝑦
4 − 휀𝑇𝑠

4).  (20) 

When dealing with the windows of a truck some radiation may be transmitted through 

the glass which should be incorporated into (20) in order to accurately calculate the 

net radiation heat gain per unit area of the windows. 

3.5 Fluid mechanics 

The field of fluid mechanics is the study of the behaviour of gases or liquids at either 

rest or motion. Due to the vast range of possible flow conditions and parameters 

describing a flow it is a complicated field of study. Therefore only some key 

principles in the determination of fluid flow and fluid behaviour, apart from the ones 

described in section 3.3, will be briefly discussed below. 

The concept of mass conservation is a fundamental part in the study of fluid 

mechanics. In principle this concept means that mass going into a fixed control 

volume, or system, must be equal to the mass exiting said control volume. This can be 

expressed in a multitude of ways depending on the flow characteristics and fluid 

properties, but is overall explained by the continuity equation  

 
∂ρ

∂t
+

∂(ρu)

∂x
+

∂(ρv)

∂y
+

∂(ρw)

∂z
= 0 (21) 

where u, v and w are the x-, y- and z-components of the fluid velocity in m/s. This 

equation is valid for steady or unsteady flow as well as compressible or 

incompressible flow. For incompressible fluids the density, ρ, gets removed from (21) 

leaving only the velocity components [87].  

Much like the continuity equation the motion of fluids can also be described in many 

different ways, again depending on the fluid properties. In the case of an 

incompressible fluid flow with constant viscosity, its motion can be explained by the 

following versions of the Navier-Stokes equations: 

x-direction:  

 ρ (
∂𝑢

∂𝑡
+ 𝑢

∂𝑢

∂𝑥
+ 𝑣

∂𝑢

∂𝑦
+ 𝑤

∂𝑢

∂𝑧
) = −

∂𝑝

∂𝑥
+ ρ𝑔𝑥 + μ (

∂2𝑢

∂𝑥2
+

∂2𝑢

∂𝑦2
+

∂2𝑢

∂𝑧2
) (22) 

y-direction: 

 ρ (
∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
+ w

∂v

∂z
) = −

∂p

∂y
+ ρ𝑔y + μ (

∂2v

∂x2
+

∂2v

∂y2
+

∂2v

∂z2
) (23) 

z-direction: 

ρ (
∂w

∂t
+ 𝑢

∂w

∂x
+ 𝑣

∂w

∂y
+ 𝑤

∂w

∂z
) = −

∂p

∂z
+ ρ𝑔𝑧 + μ (

∂2𝑤

∂𝑥2
+

∂2𝑤

∂𝑦2
+

∂2𝑤

∂𝑧2
) (24) 

where p is the fluid pressure in Pa [87]. Unfortunately (21)-(24) have no exact 

mathematical solutions except for a few very special cases where most of the 

variables gets cancelled out. Therefore, in the majority of real-world applications 

these equations need to be solved iteratively, leading to long computational times. 
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This iterative approach is called Computational Fluid Dynamics (CFD) and requires 

powerful computer hardware to solve more complex problems.  

GT-SUITE uses a one-dimensional “staggered grid” approach for flow calculations in 

pipes and flowsplits. This approach discretises a whole system into several smaller 

sub-volumes which are all contacted by boundaries, substantially reducing 

computational time compared to a full-fledged CFD approach. For the case of an 

implicit solving scheme, GT-SUITE solves the conservation equations (25)-(27) 

shown below. 

Continuity: 

 
𝑑𝑚

𝑑𝑡
= Σ𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑖𝑒𝑠�̇� (25) 

Enthalpy: 

 
d(ρHV)

dt
= Σboundaries( ṁH) + V

dp

dt
+ hAs(𝑇𝑓𝑙𝑢𝑖𝑑 − 𝑇𝑤𝑎𝑙𝑙) (26) 

Momentum: 

 𝑑�̇�

𝑑𝑡
=

𝑑𝑝𝐴 + Σ𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑖𝑒𝑠(�̇�𝑢) − 4𝐶𝑓
ρ𝑢|𝑢|

2

𝑑𝑥𝐴

𝐷
− 𝐾𝑝 (

1

2
𝑝𝑢|𝑢|) 𝐴

𝑑𝑥
, (27) 

where �̇� is the boundary mass flux into the volume in kg/s, 𝑚 the mass of the volume 

in kg, 𝐴 the cross sectional flow area in m2, 𝐴𝑠 the heat transfer surface area in m2, 𝐻 

the total specific enthalpy in J, 𝐶𝑓 the Fanning friction factor, 𝐾𝑝 the pressure loss 

coefficient, 𝐷 the equivalent diameter in m, 𝑑𝑥 the length of the mass element in the 

flow direction in m, 𝑑𝑝 the pressure differential acting across 𝑑𝑥 in Pa and 𝑑𝑡 is the 

chosen timestep in s [88]. 
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4 Method 

The investigated cabin is a Scania S20H equipped with an extra insulation package, a 

sunroof and two beds. The following section will cover the methodology related to 

the cabin construction, experimental testing as well as the construction and 

implementation of the different simulation models. 

4.1 Breakdown of the S20H cabin construction for model building  

The test truck is of the sixth generation and equipped with a diesel-powered engine. 

The truck is a S-series truck which is branded as a long-distance truck. The cabin 

model name S20H means that the cabin is of the S-series, two meters long and the 

highline-version (with a higher roof).  

In order to list and analyse the different walls and structural elements of the cabin, it 

was first divided into six main parts. These main parts were the floor, front wall, roof, 

rear wall, side wall and door. All of these, except the floor, are shown and highlighted 

in red in Figure 9. The purpose of dividing the cabin into smaller parts was to enable 

as accurate calculations as possible for the heat transfer by conduction, convection 

and radiation with as few structural elements as possible. Another important aspect of 

dividing the cabin into smaller parts was to be able to more accurately identify parts 

of the cabin where energy efficiency measures could be made. 

 

Figure 9. The main structural parts roof, side wall, door, front wall and rear wall of the S20H cabin. 

Almost all the main parts of the cabin consist of sheet metal, metal beams, insulation, 

and interior textile panels. The insulation in the roof and the walls are mounted on the 

interior panels while the major floor insulation consists of a Polyurethane (PUR) foam 

mat placed on the sheet metal. However, in some locations the insulation is not fully 

covering the entire surface areas and consists of different insulation materials. There 

is a significant difference in the different cross-sections of e.g. the roof and the floor 

structures, caused by the sometimes patchy placement of insulation and insulation 

with varying thickness. The general reason to the sometimes patchy placement of the 

insulation in the cabin is that the insulation has to be placed between any metal 

beams, which can be seen in Figure 10 where the insulation is split where there are 

metal beams located. 
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Figure 10. The rear wall of the cabin with the outer sheet metal removed. The insulation (in pink 

colour) and some of the metal beams are visible. 

To calculate the heat transfer by conduction, convection and radiation in the parts, the 

surface areas of each layer in the cabin parts needs to be known. This was done by 

examining CAD-drawings of the different layers and calculating the areas. The 

calculation of the sheet metal areas was a straightforward process since they mostly 

consist of one large sheet. The inner panels and the insulation instead consist of more 

and smaller parts with complex shapes, which makes it harder to calculate their 

surface areas. Due to this and the lack of CAD tools to accurately measure the surface 

areas, the areas of the inner panels and the insulation were calculated based on the 

previous calculated sheet metal areas in two steps which is further described in the 

following subsections. 

Since the cabin is exposed to thermal transients during operation, its ability to store 

energy will influence the thermal energy balance. To integrate this ability into a GT-

SUITE model, the thermal properties as well as the masses of the different materials 

of the cabin are essential. The contribution of the structural metal beams to the 

thermal properties of the cabin were however only included by lumping the mass of 

the metal sheet and the beams together. This means that no other thermal bridges than 

the windows are included in the model and the contribution of structural beams is 

only in terms of thermal masses. 

The following subsections describe the different structural parts of the cabin and their 

important characteristics used to build the cabin models in GT-SUITE and GT-

TAITherm.  

4.1.1 Roof 

The roof was split into five parts: front roof, top roof, top roof window, side roof and 

rear roof. All of these roof parts except the top roof window (later described with the 

other windows) are shown in Figure 11. The roof was split in order to achieve a 

sufficient level of detail of the roof where the cross-section was as homogeneous as 

possible in terms of insulation.  
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Figure 11. The side, top, front and rear parts of the roof. 

Figure 12 shows the interior panels, the standard 20 mm insulation and the extra 40 

mm insulation of the roof. The sheet metal of the roof (not shown in the figure) is 0.7-

0.8 mm thick over the different parts of the roof. The standard insulation is generally 

homogeneous for the whole roof which can be seen in the middle of Figure 12. The 

extra insulation on the other hand (to the right in the figure) does not cover the whole 

top roof part, which motivates splitting the roof into smaller parts. 

 

Figure 12. The interior panels and the two insulation layers of the roof, seen from a back view. 

The sheet metal areas were calculated based on CAD-drawings of the four roof 

sections. Each interior panel area was assumed to equal 95% of the corresponding 

sheet metal area. The insulation coverage on the inner panels of the four roof parts 

was estimated by inspecting 3D models like the one in Figure 12. The estimated 

insulation coverages of the roof parts are listed in Table 1 below. 

Table 1. Estimated insulation coverage on the inner panels of the roof parts. 

Part Standard insulation Extra insulation 

Top roof  100 % of inner panel area 55 % of inner panel area 

Side roof 75 % of inner panel area 95 % of inner panel area 

Front roof - 95 % of inner panel area 

Rear roof 100 % of inner panel area 100 % of inner panel area 

4.1.2 Rear wall 

The rear wall of the cabin consists of inner panels, standard insulation and extra 

insulation all shown in Figure 13. To the right in Figure 13 one can see that the extra 

insulation coverage is not uniform over the entire surface of the back wall. This is due 
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the presence of some vertical steel beams and the cabin air evacuation ducts in the 

lower corners of the wall. 

 

Figure 13. The interior panels and the two insulation layers of the rear wall. 

On the inside of the rear wall there are some objects which affect the convective heat 

transfer for different parts of the wall, as the objects are blocking a part of the rear 

wall from being exposed to the air flow from the HVAC unit. Due to these objects 

and the varying insulation coverage, the rear wall was split into the three zones shown 

in Figure 14. 

 

Figure 14. The three zones of the inner rear wall. 

The obstructing objects are a fridge located in zone 2 and two storage boxes located in 

zone 3 of Figure 14. Two air evacuation outlet ducts, coloured in green, are also 

visible in zone 3 of the figure. Each zone surface area corresponds to the measured 

surface area of the objects just mentioned. The areas of the inner panels and the 

insulation for each zone were then calculated in the same way described in 4.1.1 with 

the inner panel area assumed to equal 95% of the corresponding sheet metal area. The 

estimated insulation coverages for the zones of the rear wall are listed in Table 2 

below.  

Table 2. Estimated insulation coverage on the inner panels of the rear wall. 

Part Standard insulation Extra insulation 

Zone 1  100 % of inner panel area 95 % of inner panel area 

Zone 2 100 % of inner panel area 100 % of inner panel area 

Zone 3 55 % of inner panel area 85 % of inner panel area 
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4.1.3 Side wall 

The outer surface of the side wall includes, apart from the steel body, a tool hatch in 

the bottom and a part of the steel body covered by glass. In Figure 15 the tool hatch is 

visible in blue and the glass covered part of the side wall is the black shape in the top 

right corner. 

 

Figure 15. The side wall with the tool hatch in blue and glass covered part in the top right corner. 

The insulation and the inner panels of the side wall are shown in Figure 16, where the 

hole in the inner wall panel to the left represents the location of the tool hatch. 

 

Figure 16. Interior panels, standard insulation and extra insulation of the sidewall. 

The surface areas of the inner wall panels and the insulation were calculated as 

described in 4.1.1 with the inner panel area assumed to equal 95% of the 

corresponding sheet metal area with the tool hatch removed. The standard and extra 

insulation coverage of the side wall was estimated to be 80% and 60% of the inner 

wall panel area respectively. Apart from the normal insulation in the side wall there is 

also a polyethylene layer placed on the inside of the tool hatch. 

4.1.4 Front wall 

The front wall mainly consists of metal and has the Instrument Panel (IP) mounted to 

it. The IP totally separates the metal construction of the front wall from the cabin air. 

There are air gaps at some locations inside the IP due to its construction and the 

components located inside it which might have an insulating effect on the front wall, 

but this has not been considered due to the complexity. 

4.1.5 Floor 

There is a large glass wool noise absorber covering the entire sheet metal exterior of 

the floor. The noise absorber has an average thickness of 35 mm, although its 

thickness varies from 10-50 mm across the floor area. The interior floor layers consist 
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of a PUR insulation mat with a polypropylene (PP) sheet located on top of the PUR 

mat. The PUR mat has an average thickness of 35 mm and the PP has a thickness of 1 

mm. 

As mentioned in 4.1.2 some parts of the floor inside the cabin are covered by two 

storage boxes and a fridge, therefore the inner floor was also split in a similar fashion. 

The resulting three zones of the inner floor is shown in Figure 17 where the area of 

zone 2 and zone 3 corresponds to the bottom surface area of the fridge and storage 

boxes respectively. After assessing CAD-drawings all floor layers were assumed to 

have the same surface area as the sheet metal area of the floor. 

 

Figure 17. The three different zones of the floor seen from the outside. 

4.1.6 Doors 

The construction of the driver door and passenger door are identical. There are two 

layers of sheet metal, one on the outer surface and one on the inner side with an air 

gap between the metal layers. The thickness of the air gap is varying for different 

locations in the door but has been approximated to an average of 193 mm. An inner 

panel is located on the part of the inner sheet metal which is connected to the cabin 

air. 

4.1.7 Windows and glazing 

The cabin body has three different window types: windshield, side windows and a top 

roof window. All of the windows consist of three layers: two layers of glass with an 

equal thickness and one thin Polyvinyl butyral (PVB) layer between the two glass 

sheets. The PVB layer has a thickness of 0.76 mm in all windows, while the thickness 

of the glass layers for the windows are different. The windshield has the thickest glass 

layers of 3 mm while the side windows and top roof window has a thinner glass layer 

of 2.1 mm.  

4.1.8 Interior masses and evacuator locations in the cabin 

Inside the cabin there are some objects which impacts the thermal energy balance, 

both in terms of blocking the air flow from the HVAC unit but also impacting the 

cabin’s response to temperature transients. The heaviest and largest objects inside the 

cabin have been examined in terms of material properties, surface area and mass. 

These objects are the IP, both beds, driver and passenger seats, the storage boxes 

above the windshield (mounted on the front roof part), and the storage boxes beneath 

the lower bed all seen in Figure 18. 
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Figure 18. Some of the interior masses of the cabin marked in red. 

Another important feature of the cabin interior is two openings in the two storage 

boxes beneath the lower bed, marked in red in Figure 19. The air evacuation starts 

through these two openings, enters the storage boxes and then finally leaves the 

storage boxes through the evacuator ducts. The evacuator ducts are placed on the rear 

wall and have their outlets connected to the outside air. The seats have been removed 

in Figure 19 but they are actually located exactly in front of the two openings making 

the distance between them and the back side of the seats quite small.  

 

Figure 19. The interior evacuator openings in the walls of the lower storage boxes marked in red. 
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4.2 Experimental measurements in a climate chamber 

In order to analyse the current energy performance of the test truck cabin a series of 

controlled tests in a climate chamber were performed. The ambient temperature in the 

climate chamber can be accurately controlled to within a deviance of one degree. The 

chamber is also equipped with an electric boiler which can be connected to the HVAC 

system of the truck to supply heated liquid to the engine coolant loop. This means that 

the engine can be turned off during testing, thus not contributing to the heating of the 

cabin.  

The truck was outfitted with a total of 30 thermocouples of type K11 on the interior 

surfaces, 12 in the interior air volume, 8 in the HVAC ducting system and 2 in the 

engine coolant loop. The location of the air and surface thermocouples can be seen in 

Figures A-1 and A-2 in Appendix. The interior surface thermocouples were duct 

taped to the selected sections of the truck both to hold them in place but also to reduce 

the convective effect of air hitting them. After assessing CAD drawings of the cabin, 

thermal symmetry was assumed on the different surfaces (e.g. the interior temperature 

of the left side door is the same as the temperature of the right-side door) leading to a 

reduction in required thermocouples. The interior air thermocouples hung freely in the 

air volume and were secured by duct tape. The HVAC duct system thermocouples 

were placed just before the cabin air inlets and air evacuation outlets. 

The exterior temperature of the truck body was monitored using a FLIR thermal 

camera. This was only made periodically before and after the tests, mainly to 

determine thermal bridging locations and to make sure that the exterior temperature 

was close to ambient. 

The airflow in and out of the cabin was continuously monitored during all testing, 

apart from the steady state tests discussed later. Four anemometers were attached to 

the IP inlets by duct taping 3D printed funnels to the respective openings, see 

Figure 20 a). All other inlets were closed off via the HVAC control panel. Five 

anemometers were attached to the air evacuation outlets on the exterior of the truck, 

two on the left side and three on the right side, by duct taping cardboard funnels to the 

outlets. The three right side anemometers can be seen in Figure 20 b). The cardboard 

funnels will give rise to an additional pressure drop across them, however the effects 

were considered to be negligible.  

                                                 
11 These thermocouples have an accuracy of ±1℃. 
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Figure 20. a) Anemometer duct taped to a 3D printed funnel on the right-side passenger air inlet.  

b) Three anemometers duct taped to a cardboard funnel on the right-side air evacuation outlet. 

 

The testing was divided into three different testing schemes: Steady state, HVAC 

heating and HVAC heating with recirculation. These schemes will be further 

expanded upon below. 

4.2.1 Steady state 

The steady state testing was conducted at three different ambient air temperatures 

(Tamb) of 0℃, -10℃ and -20℃. The vent for the HVAC intake and the two air 

evacuation outlets were taped shut in order to minimise air leakage. A 2 kW electric 

resistance heater was placed into the cabin with its built in fan pointing slightly down 

towards the floor to stimulate some air movement. The heater was set to its medium 

setting and a clamp ampere meter was used to determine the actual supplied power 

which was 1.24 kW. The tests ran over night, for the three ambient temperatures, with 

continuous temperature data collection every 10 seconds. 

4.2.2 HVAC Heating 

The HVAC heating tests were conducted at the same ambient temperatures of 0℃, 

 -10℃ and -20℃ as the steady state test. The electric boiler was turned on, hooked up 

to the HVAC heating loop and set to maintain an inlet temperature of 80℃ and a flow 

of 15.1 l/min. The inlet and outlet temperatures of the HVAC heater were monitored 

during the entirety of each test. The cabin blower fan was controlled by an external 

computer and set to one of three constant speeds: 1000, 2000 or 3000 RPM. These fan 

settings were used for each of the three ambient temperatures, resulting in a total of 

nine tests for the HVAC heating scheme. For the ambient temperature of 0℃ the 

HVAC mixing flap, which determines how much air passes through the heater, was 

set to 60% meaning 60% of the inlet air was heated. The flap was adjusted to 70% for 

the ambient temperature of -10℃ and 90% for the ambient temperature of -20℃. The 

reason for adjusting the mixing flap was to achieve a reasonably warm inlet air 

temperature to the cabin when operating at lower ambient temperatures. Each test ran 

for about 40 minutes, during which temperature and flow was continuously collected 

once per second. After each test the fan was turned to 3000 RPM with the mixing flap 

put to 0% and the cabin doors were opened for 20-40 minutes. This was to replace the 

warm air with ambient and to cool down the interior surfaces before the next test 

commenced. 
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Apart from the nine aforementioned HVAC heating tests a 10th steady state test at an 

ambient temperature of -20℃ was conducted. The fan was set to 1500 RPM with the 

feet air inlets and the side window inlets open, the other inlets were closed via the 

HVAC control panel. The HVAC mixing flap was set to 80% and the test was left to 

run over night. Temperature data from all thermocouples were collected for the 

entirety of the test, however only the evacuation flow rate was measured. The reason 

for this was that the anemometers simply did not fit down by the feet inlets or the side 

window inlets.  

4.2.3 HVAC heating with recirculation 

The HVAC heating with air recirculation turned on was almost identical to the 

methodology in 4.2.2 with a total of nine test, no steady state test. However, for these 

tests the air recirculation rate was set to either 30%, 60% or 90% and the fan was 

maintained at 2000 RPM. 

4.3 Mono volume cabin model in GT-ISE 

Due to the rather complex geometry of the truck cabin, and to keep simulation time 

down, the cabin air was approximated as a single volume in GT-ISE. In principle this 

means that the cabin air is treated as a homogenous lump of an arbitrary shape with a 

specified volume. This volume has one air inlet boundary, one air outlet boundary and 

one pressure relief boundary added to it. The inlet and outlet boundaries allow for the 

addition of an air flow into the cabin thus making coupling with an active HVAC 

system possible. The pressure relief is there to ensure mass conservation within the 

flow volume if the designated air outlet is completely or partially sealed off. The 

drawback of this mono volume approach is the loss of detail in the temperature and 

flow distribution within the cabin, only an average for the entire volume is obtained.  

The cabin air temperature is dependent of the heat transfer to the air volume through 

the different structural parts it is in contact with. An example of one of these parts, a 

wall with a single piece of insulation, can be seen in Figure 21 where the wall section 

is outlined in blue. On either side of the wall there is convective heat transfer, both 

from ambient to the outer surface and from the interior surface to the cabin air. The 

convection is modelled by using “ConvectionConn”-template blocks. The convection 

blocks take the temperatures from either side of them as well as the surface area of the 

subjected object to solve (6). The external heat transfer coefficient can be set either to 

a constant or use a velocity dependency such as the one in (9). If vehicle velocity is to 

be modelled, a specific dependency needs to be calculated through experimentation or 

CFD analysis for each of the different exterior cabin surfaces. This will not be 

covered in this thesis, rather a constant external heat coefficient will be implemented 

and used as a calibration parameter, discussed later. The same approach will be used 

for the interior convective heat transfer coefficient. 
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Figure 21. GT-ISE layout to model heat transfer through a three-layered wall section with convective 

heat transfer to ambient and the interior air of the cabin. 

The wall section in Figure 21 consists of three different layers created by using the 

“ThermalMass”- template within GT-ISE. This template creates a homogenous 

lumped mass where the surface area, thickness, mass and the material properties are 

defined. These attributes are 

 used to calculate the conductive heat transfer through the object, with the 

requirement of an initial temperature for simulation initiation. The thermal mass 

blocks in the wall are connected by “ConductanceConn”-blocks. These blocks can be 

set up to assume either perfect or imperfect conductance, as discussed in 3.2. In this 

specific model the perfect conductance setup is used for all conductive heat transfer 

within structural cabin parts. Furthermore the “ConductanceConn”-block uses the 

smallest adjacent contacting area12, its thickness and temperature, to calculate the heat 

transfer according to (2). A redacted list of materials and material properties used can 

be seen in Table A-1 and A-2 in Appendix where dimensions and some material 

properties has been removed due to a non-disclosure agreement with Scania. 

The solar radiative heat gain, described in (20), is applied to the exterior surfaces of 

the cabin and can be seen in Figure 22. In this figure the solar heat gain per square 

meter is calculated in the left block, highlighted in red, and the radiation to the 

surrounding per square meter in the middle block, denoted Radiation. The two 

radiative effects are added together before being multiplied by the area of the surface 

and then automatically being applied to the surface as a heat gain or loss in W. The 

structural steel parts and the windows both use a set emissivity of 0.95, which is the 

default value in GT-SUITE. 

 

Figure 22. GT-ISE layout for radiation heat gain on an exterior surface where the absorbed solar 

irradiation is outlined in the dashed red box. 

In the case of transparent surfaces, such as the side windows and windshield, there is 

an extra heat gain from transmitted solar radiation. This heat addition is calculated as 

                                                 
12 This is the default setting, a specific area can be manually specified. 
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described in (16) (although only the solar irradiation is considered) and multiplied 

with the affected area. The total heat gain, in W, is added to a “ThermalNode” as can 

be seen in Figure 23. 

 

Figure 23. GT-ISE layout for interior cabin mass heat gain due to transmitted solar irradiation. 

The “ThermalNode”-template is similar to the “ThermalMass” one, however the 

thermal node has no interior thermal resistance. The thermal nodes act as a heat sinks 

and are used for objects which are inside of the cabin air volume such as seats or beds 

and will be used as a calibration parameter. The heat these nodes gain from e.g. solar 

irradiation is transferred to the cabin air volume via an internal convection 

connection.  

4.3.1 Mono volume model calibration 

Before running simulations using the mono volume model it had to be calibrated. The 

10 tests from 4.2.2 were chosen for calibration since they provided the most complete 

data with minimum interference. After thorough examination of the test data, and by 

recommendation from Scania, the sensors closest to the floor (i.e. foot sensors and 

storage box sensors) were excluded from the average cabin air temperature. This was 

due to the fact that those sensors had a significantly lower and more stable 

temperature than the other sensors, thus decelerating the heat up process if included. 

The chosen calibration parameters were the average cabin air temperature (calculated 

by excluding the aforementioned sensors), the average windshield surface 

temperature and the average side window surface temperature as well as the interior 

mass. The window temperatures were chosen since the external convection impact is 

greatest on these surfaces due to their thickness, or lack thereof.  

The initial temperatures of the interior “ThermalMass”-blocks (e.g. the interior wall 

panels) were set to the measured temperatures from each test cycle. The initial 

temperatures of the insulation “ThermalMass”-blocks were set to be five degrees over 

the ambient air temperature, since no test data was collected for these areas. The 

exterior steel “ThermalMass”-blocks had their initial temperature set to the ambient 

air temperature. Lastly the initial temperatures for the window components (i.e. the 

windshield, side window and top roof window) were set to the measured temperature 

from each test cycle and assumed to be uniform across the entirety of the geometry. 

The goal of the calibration was to match the temperature output from the model with 

the actual test data. The passing criteria for the different calibration cases was set to a 

maximum average Relative Error (RE) of 1% for the selected calibration 

temperatures. This was achieved by varying the internal and external convective heat 
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transfer coefficients between 2-15 W/m2K as well as the interior cabin mass between 

10-300 kg for the different cases. The calibration parameters were varied using the 

GT-ISE provided optimization tool running a Simplex algorithm. In order to speed up 

the calibration process manual testing of various heat transfer coefficients was 

conducted to provide better starting conditions for the optimizer. The model setup for 

the calibration can be seen in Figure 24 where the “EndFlowInlet”-block defines the 

air temperature and flow into the cabin volume. The air inlet temperature and flow 

rate were defined as a transient profile for each case using the test data. The 

“EndEnvironment”-block defines the ambient conditions into which the cabin air will 

exit and act as the air outlet for the model. The yellow “EndFlowCap”-block, seen in 

the bottom of Figure 24, caps of the pressure relief opening described in 4.3. 

 

Figure 24. GT-ISE layout for the calibration of the S20H cabin. 

4.3.2 Evaluation of energy saving concepts 

All energy saving concepts applied to the structural parts of the cabin were evaluated 

at steady state (i.e. when all temperatures have stabilised) by using the model setup 

seen in Figure 25. The “EndFlowInlet”-block specifies the inlet air flow and the 

ambient temperature for each test case. The “PipeRectangle”-block is an adiabatic, 

frictionless 20x20x20 mm pipe which connects the inlet air to the “HeatAddition”-

block. The reason to why the pipe is present is simply due to the constraint of the 

“HeatAddition”-template which states that it must be connected to a pipe. The 

“HeatAddition”-block imposes a heat rate directly to the air flowing through it and 

does not affect the flow in any other way. The heat rate is in turn controlled by a PID-

controller13 which targets the cabin average air temperature obtained in the calibration 

for the specific case being studied. By using this setup, with identical initial 

conditions for the concepts and the calibration, the only thing changing is the supplied 

heat to reach the calibrated average cabin air temperature.  

                                                 
13 The PID has a proportional gain of 20 and an integral gain of 10 as suggested by GT-SUITE for 

simple heating controllers. 
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Figure 25. GT-ISE layout for evaluating the required heat input for different concepts compared to the 

base case. 

4.3.2.1 Establishing current cabin energy losses 

The cases used for evaluating the various concepts were the ones which met the 

calibration criteria specified in 4.3.1. As previously mentioned the energy balance 

needs to be calculated when the cabin is at steady state, something only one test case 

from 4.2.2 was. Due to this it was necessary to bring the other simulation cases to 

steady state before they could be utilised for concept evaluation. This was done by 

using the layout shown in Figure 25 with the only change being the input signal for 

the PID-controller. Instead of targeting the average cabin air temperature the cabin air 

inlet temperature was targeted. Since the test data only lasted for about 40 minutes in 

the test cases, the simulation to steady state used a constant average of the last 20 test 

temperatures and air flow rate values until steady state was reached. This approach 

makes it possible to collect steady state data with a known input energy to the cabin. 

After all simulation models reached steady state the average cabin air temperature 

over time was recorded and the energy balance of the cabin was investigated. The 

energy leaving each exterior “ThermalMass”-block and the air outlet was recorded 

and normalised against the total input energy. 

4.3.2.2 Windows 

The windows were subject to a number of energy saving concepts. The first concept 

was the implementation of DPW´s on the side windows. This was done by 

sandwiching a 3 mm air layer between two 2.1 mm glass panes and then simulated 

until steady state was reached. A gap of 3 mm was chosen since this is the maximum 

thickness which fits within the current window frame. A variant of these DPW´s was 

also simulated where the middle layer consisted of argon instead of air. The second 

concept was the implementation of a double pane windshield. This was done in a 

similar fashion to the side windows where a 3 mm air gap was sandwiched between 

two 3 mm glass panes and once again simulated until steady state was reached. 

The third was to reduce to emissivity with “Low-E”-glass, i.e. glass with an 

emissivity of ϵ = 0.1. The lower emissivity was applied to the windshield, the side 

windows as well as the top roof window and simulated until steady state was reached. 

Lastly a number of combinations of the aforementioned concept were simulated to 

find the best combination in regard to energy savings as well as plausibility. 
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4.3.2.3 Insulation  

The S20H test truck is as mentioned earlier already equipped with an extra insulation 

package on top of the standard insulation, resulting in a total of 60 mm insulative 

polyester fibre sheets. One energy saving concept was to change the material of the 

entire insulation package to xenon GFP´s, an automotive insulation solution with an 

exceptionally low k-value of 0.0074 W/mK. The first concept was simulated using 60 

mm of xenon GFP´s wherever the original polyester insulation was and the second 

using 40 mm xenon GFP´s. Both concepts were simulated until steady state was 

reached and the energy balance was investigated. 

4.3.2.4 Recirculation modelling 

The simulation of energy saving measures via recirculation was done with the setup 

seen in Figure 26. The setup is similar to the one shown in Figure 25 where the PID 

targets the calibrated average cabin air temperature, however the inlet flow is handled 

differently. Instead of imposing the flow with an “EndFlowInlet”-block it is done by a 

“FanFlow”-block. This block defines the transient flow profile for each case and 

contains the possibility to add an isentropic efficiency, though it was set to 100% in 

all simulations. The “HVAC_Door”-block defines the percentage of warm cabin air 

(taken from the pressure relief opening) which gets mixed with the ambient air from 

the “EndEnvironment”-block before re-entering the “HeatAddition”-block. The 

recirculation percentage was set to either 10%, 20% or 30% and the models where 

simulated until steady state was reached. The low recirculation rate was meant to act 

as an always on solution without affecting the air quality inside the cabin. 

 

Figure 26. GT-ISE layout for modelling the recirculation of cabin air. 

4.4 3D cabin model 

In order to conduct a 3D simulation of the cabin through co-simulation with GT-

TAITherm two additional cabin models were needed. These models were a thermal 

surface mesh and a discretized cabin flow volume. The boundary of the flow volume 

had to be aligned to the thermal mesh so that the two models later could be used 

together in GT-ISE to conduct a 3D co-simulation of the heat transfer from the cabin 

air and trough the construction of the cabin. Both the thermal mesh and the discretised 

flow volume were based on the geometry of the cabin. The level of detail in these two 

models will impact the simulation time since a more detailed model requires more 

calculations. The available GT-TAITherm license had a limit of 20 000 elements for 

the thermal mesh, resulting in the need to simplify the cabin geometry. The 

simplifications made in the cabin geometry and model building are described further 

in the following sections.  
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4.4.1 Thermal model creation in GT-TAITherm 

The thermal model in GT-TAITherm was made in order to calculate the temperatures 

of the 3D structures of the cabin and to supply the results to the co-simulation. This 

was achieved by importing a surface mesh file of the flow volume boundary (i.e. the 

inner surfaces of the cabin) and the interior masses as floating bodies (i.e. having no 

contact with the mesh of the flow volume boundary). The surface mesh was based on 

a simplified 3D model of the flow volume where all faces of the model were planar. 

By doing this it was possible to keep the number of mesh elements below 20 000. 

Both the 3D model of the flow volume and the surface mesh file were created by 

Justin Adams at Scania based on the requirements of the co-simulation. 

The mesh file consists of multiple sub-meshes in order to be able to add a different 

number of material layers for different parts of the cabin structure. The multiple sub-

meshes are shown in Figure 27 where each sub-mesh has a unique colour. Some 

surface areas in the mesh file differs slightly from the real surface areas, like the top 

roof window which is larger in the real cabin. The mesh file contains 30 different sub-

meshes in total. The 30 sub-meshes are however not enough to include all the 

structural beams and the two tool hatches on the side walls as it would require 

additional sub-meshes. The only parts where beams could be included in the thermal 

model directly was in the roof joint (located between the roof parts and the rest of the 

cabin) and the A-pillars (located between the windshield and the doors). 

 

Figure 27. The thermal meshes where each different colour represents a separate mesh. 

All parts except the interior masses were constructed to be multi-layer parts, where 

each layer was assigned a material and a thickness based on the real cabin. The real 

disadvantage of not having more than 30 parts is that when for example the extra 

insulation of 40 mm is placed on the rear wall, TAITherm uses the entire rear wall 

area as the area for the extra insulation. This results in that almost every part which 

has a layer of extra insulation will be better insulated than the real cabin. When 

TAITherm calculates the mass of each layer it is done based on the assigned density, 

thickness and area of that layer. Since the majority of the mesh geometry did not 

include meshes for any beams, the densities of the sheet metal layers were modified in 

order get a correct mass for the parts. 

A similar approach was used for the interior masses since the purpose of including the 

interior masses in GT-TAITherm was to model their influence on the heat up process 

of the cabin. It was assumed that the most important characteristics to incorporate was 

a correct mass, reasonable thermal properties and the surface geometry. Each interior 

mass object was assigned a constant thickness although the thickness of these objects 

varies in reality. In order to adapt to this, the thicknesses were set to their minimum 

thickness in the 3D model and the density for each part was adjusted so that the 
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correct mass was obtained. Redacted lists of materials used for all parts of the GT-

TAITherm model can be seen in Appendix Table A-3, Table A-4 and Table A-5. 

where dimensions and some material properties has been removed due to a non-

disclosure agreement with Scania. 

The final step in GT-TAITherm was to set the initial temperatures in all layers and the 

convection types for the exterior and interior surfaces. Figure 28 shows a general 

initial surface temperature setup for a part consisting of four layers. The initial 

temperatures on all the exterior steel layers, corresponding to 𝑇1 and 𝑇1,2 in Figure 28, 

were set to the ambient temperature of the test. For most of the interior surface 

temperatures, corresponding to 𝑇4 in the figure, the test data was used as initial 

temperatures. The temperature 𝑇4 was however not measured in the test for some of 

the parts, like the A-Pillars and the footwells. This resulted in that temperature 𝑇4 for 

some parts was estimated based on test data from sensors nearby. The initial 

temperature of all windows was set to the measured temperature from the test and 

assumed to be uniform across all layers, just like in the mono volume model. The two 

last surface temperatures, 𝑇2,3 and 𝑇3,4, were estimated based on the material 

properties and thicknesses of the layers as well as the previously defined temperatures 

𝑇1,2 and 𝑇4.  

 
Figure 28. A general initial surface temperature setup in TAITherm for a part consisting of four layers. 

For the convection calculation on the interior surfaces in contact with the cabin air the 

co-simulation convection method was used. The co-simulation convection required an 

initial fluid temperature and an initial convective heat transfer coefficient. The initial 

fluid temperature was set to the average of all air temperature sensors in the test while 

the initial convective heat transfer coefficient was set to the one obtained in the mono 

volume calibration of the corresponding test. The method used for determining the 

convection on the exterior surfaces was the GT-TAITherm automatic convection 

setting. This method calculates the convective heat transfer by flat plate correlations 

based on the assigned ambient air temperature and the geometry of the surfaces.  

4.4.2 3D flow volume creation in GEM 3D 

The real flow volume of the S20H cabin is enclosed by the interior surfaces and in 

contact with the interior masses described in 4.1.8. In order to simulate the air flow in 

the cabin, both the geometry of the flow volume and these obstructions had to be 

incorporated in the model. This was done in GEM 3D by importing the simplified 3D 

model of the flow volume as a solid where the seats, beds and storage boxes also were 

included but as separate parts. The solid flow volume was then converted to a flow 

space with inlet vents and outlet/evacuation vents inserted as “Flow openings”. The 
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geometry and location of these vents were prespecified in the solid 3D model and 

used to create the openings in the flow space. The air temperature sensors used in the 

cabin of the test truck were also placed in the flow space in order to be able to 

compare the test temperatures with the simulated ones. The flow space model before 

the discretisation is shown in Figure 29 where the flow openings, interior obstructions 

and temperature sensors are visible.   

 
Figure 29. The flow space model with the inlet vents (in green), one of the evacuator outlet vents (in 

red) and air temperature sensors (in blue) before the discretisation. 

A global discretisation length of 100 mm in all directions and a “flow acceptance 

ratio” equal to one was used for the discretisation. The flow acceptance ratio defines 

how much volume of a discretised cubic element that must be inside the original 

model in order to be kept in the discretised flow space. A value of one for the flow 

acceptance ratio means that GEM 3D only keeps the elements that are completely 

inside the original model. In order to improve the discretisation for the air evacuation 

flow, a smaller discretisation length of 50 mm was used locally between the back of 

the seats and the openings beneath the lower bed by inserting discretisation planes. 

The final discretised flow space is shown in Figure 30 where the coloured cubes 

represents the flow space and the semi-transparent grey body that encloses the cubes 

is the original solid 3D model. Figure 30 b) shows a section view created by the 

cutting plane located according to Figure 30 a). Between the back of the seat and the 

opening beneath the lower bed it is visible in Figure 30 b) that the discretisation 

planes generate smaller elements as intended.  
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Figure 30. a) The final discretisation of the flow space and a section view plane in dashed red lines.  

b) Section view created by the plane where the improved discretisation between the back of the seat 

and the lower bed is visible.  

4.4.3 3D cabin model calibration 

In order to run the co-simulations of the 3D cabin model, it first had to be calibrated. 

One test from 4.2.2, at an ambient temperature of -10℃ and a fan speed of 2000 

RPM, was chosen for the calibration. The calibration setup can be seen in Figure 31. 

The discretised flow space model was imported into GT-ISE as an “External Sub-

Assembly”, denoted “S20H_FlowVolume” in the figure. The “ThermalMeshCosim”-

template, containing the mesh shown in Figure 27, was imported in to the model and 

set to communicate with GT-TAITherm once every second. The previously created 

inlet vents were connected to “EndFlowInlet”-templates so that the measured 

volumetric flow rate and temperature from the chosen test case could be imposed at 

the inlet vents in the flow space. The feet inlet vents of the model were closed off 

with “EndFlowCap”-templates, seen bottom left in Figure 31. The evacuator outlet 

vents in the flow space model were connected to “EndEnvironment”-templates set to 

atmospheric pressure and the ambient air temperature of the test. 

 
Figure 31. The calibration setup in GT-ISE for the 3D co-simulation. 

Before the calibration could start, the initialization conditions based on the test case 

were defined in GT-TAITherm as described in 4.4.1. The chosen calibration 
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parameter was the “convective heat transfer coefficient multiplier” which acts on the 

interior convective heat transfer coefficient. The GT-ISE integrated optimizer, 

running a discrete-grid algorithm, was set to vary this parameter by targeting a 

transient profile based on the average air temperature of all the sensors of the cabin 

from the test. The convective heat transfer coefficient multiplier was allowed to vary 

between 0.5-30, with a passing criterion of maximum 1% RE for the comparison of 

the simulated volume averaged air temperature and the measured temperature. 

4.4.4 Window concept 

One energy saving concept was simulated with the 3D cabin model by using the setup 

seen in Figure 31. The simulation of the concept was conducted based on the same 

inlet air conditions as the calibration described in 4.4.3. The concept was a DPW 

concept, shown in Figure 32, where an additional side window was placed on the 

outside of the original side windows with an air gap of 3 mm between the two 

windows. The emissivity of all outer window layers was also changed from the 

original value of ϵ = 0.95 to ϵ = 0.1. The DPW concept was evaluated by comparing 

the surface temperatures on the inside of the windows and the volume averaged air 

temperature of the cabin with the calibrated values from 4.4.3. 

 
Figure 32. The window setup for the DPW concept in the 3D model where a 3 mm air gap and an 

additional window were placed on the original side window.  
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5 Results and discussion 

Due to a non-disclosure agreement with Scania, all results containing temperature 

plots has been modified to a dimensionless temperature scale ranging from zero to 

one where zero represents the minimum value and one represents the maximum value 

of the temperature data in each plot. 

5.1 Mono volume model compound template 

The completed mono volume model compound template can be seen in Figure 33. 

The miscellaneous cabin mass is located in the pink box in the bottom left and is 

connected to the cabin volume via a “ConvectionConn”-block. The cabin volume is 

also connected to the interior of the various structural sections via “ConvectionConn”-

blocks, representing the internal convection occurring within the cabin. The air inlet, 

air outlet and pressure relief connections to the cabin air volume can be seen in the 

bottom right of the figure. The structural sections, going from left to right, are the 

front steel wall, windshield, all roof sections, all floor sections, all side wall sections, 

all backwall sections, the doors and lastly the side windows.  

The exterior blocks of each structural section, except the floor, are subject to 

radiation, seen as a cluster of smaller blocks above them. Lastly all exterior structural 

blocks are subjected to convection via a series of “ConvectionConn”-blocks 

connected to the ambient air, seen at the top of the figure. In the left part of the figure 

the solar radiation related heat gains described in 4.3 can be seen. However, since no 

solar irradiation was present during the testing these blocks are not used in any of the 

simulations. The green square in the left part of the figure contains a placeholder to 

enter vehicle velocity. These blocks are present to allow the user to enter a vehicle 

velocity to be used for calculating e.g. an external heat transfer coefficient 

dependency. Since the truck was at a standstill during all testing these blocks are not 

used in any of the simulations. 

The exterior heat transfer coefficient was set to a constant during the calibration, but 

as can be seen in Figure 33 it is possible to apply a specific value for each exterior 

surface. The same is true for the interior heat transfer coefficients, allowing for a 

more exact calibration of interior surface temperatures. The model is also prepared to 

allow for seat heating, windshield heating and heating due to a warm engine. 
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Figure 33. Mono volume cabin compound template layout in GT-ISE. 
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5.1.1 Validation and calibration of simulation model 

All 10 test cases from 4.2.2 were calibrated with a goal of a maximum RE of 1% for 

the average cabin air temperature (Tavg,cabin), the interior windshield surface 

temperature (Tsurf,WS) and the interior side window surface temperature (Tsurf,SW). As 

mentioned in 4.3.1 the interior cabin mass was allowed to vary between 10-300 kg in 

the calibration process which led to a calibrated value of 13 kg for all cases. Even 

though this is way too low compared to reality it led to the most accurate temperatures 

and was thus left at this low value. The maximum RE´s of the temperature calibration 

parameters for the 10 cases are shown in Table 3. The 1500 RPM case at 

Tamb = - 20℃, outlined in a darker grey, is the steady state test described in 4.2.2 

where the feet inlets are open.  As can be seen in Table 3 most of the cases yielded a 

maximum RE below 1% for all three temperatures. The maximum RE corresponds to 

the worst match of the entirety of the calibration. Therefore, determining exactly 

where this maximum RE occurs is of great interest. 

Table 3. Maximum relative error of the temperature calibration parameters. 

 
Tamb = 0℃ Tamb = -10℃ Tamb = - 20℃ 

Fan RPM 1000 2000 3000 1000 2000 3000 1000 2000 3000 1500 

Tavg,cabin 0.23% 0.57% 1.13% 1.00% 0.77% 0.68% 0.67% 0.50% 0.80% 0.50% 

Tsurf,WS 0.20% 0.48% 0.37% 0.75% 0.58% 0.59% 0.83% 0.98% 0.57% 0.24% 

Tsurf,SW 0.27% 0.73% 0.84% 0.55% 0.98% 1.27% 0.83% 1.31% 1.08% 0.27% 

The calibration results for the second case at Tamb = -10℃, with a fan speed of 2000 

RPM, can be seen in Figure 34. In Figure 34 a) it can be seen that the simulated 

Tavg,cabin does not follow the curve of the test temperature in the first 200 seconds of 

simulation. The dip in temperature may indicate that some of the assumed initial 

cabin insulation temperatures are too low in the simulation model. This might also 

explain the slight rise in temperature compared to the test case which follows and 

persists until around 1000 seconds. After the initial 1000 seconds of slight deviance 

the simulated temperature and the test temperature correspond very well. A similar 

behaviour can be seen in Figure 34 b) and c) for Tsurf,WS and Tsurf,SW respectively. 

There is however no initial temperature dip for these surfaces, suggesting that the 

initial temperatures are more in line with the test values. The simulated surface 

temperatures are consistently lower than the test temperatures, though they start 

converging slightly around the 1500 second mark.   
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Figure 34. Calibration results comparing simulated temperature with test temperature for Tamb = -10℃ 

and a HVAC fan speed of 2000 RPM. 

The trend shown in Figure 34 is the same in all of the 10 calibrated cases with the 

maximum RE occurring within the first 1000 seconds of simulation. For transient heat 

transfer analysis this might be a problem. However, since the end goal is to conduct a 

steady state analysis of the energy balance of the cabin it is more reasonable to 

investigate the RE towards the end of each simulation. The average RE over the last 

300 seconds, for each simulation, as well as the average total RE for the three 

temperatures is shown in Table 4. As can be seen in this table all cases meet the 

calibration criteria for all three simulated temperatures. Worth noting is that the 

steady state simulation temperatures, outlined in a darker grey, correspond almost 

perfectly with the test with an average RE 0.04%. 

Table 4. Average relative errors of the temperature calibration parameters for the last 300 seconds of 

simulation. 

 Tamb = 0℃ Tamb = -10℃ Tamb = -20℃ 

Fan RPM 1000 2000 3000 1000 2000 3000 1000 2000 3000 1500 

Tavg,cabin 0.10% 0.04% 0.03% 0.04% 0.02% 0.01% 0.07% 0.05% 0.17% 0.05% 

Tsurf,WS 0.11% 0.21% 0.15% 0.70% 0.33% 0.23% 0.55% 0.35% 0.24% 0.03% 

Tsurf,SW 0.10% 0.19% 0.33% 0.17% 0.40% 0.61% 0.36% 0.26% 0.85% 0.06% 

REavg,tot 0.11% 0.15% 0.17% 0.31% 0.25% 0.28% 0.33% 0.22% 0.42% 0.04% 
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5.1.2 Current cabin energy losses 

All 10 calibrated models from 5.1.1 were simulated for 50 000 seconds after which 

steady state was reached for all structural components. The percentage energy loss 

through structural parts and air leaving the cabin can be seen in Figure 35. The air 

related losses (evacuated air and miscellaneous air leakage) account for the majority 

of the energy loss in all simulated cases. These losses also increase with an increase in 

fan speed in a similar fashion for all three ambient temperatures.  

 
Figure 35. Relative percentage energy loss of input energy for 10 different fan settings and three 

different ambient temperatures. 

A closer look at the structural losses can be seen in Figure 36 where the percentage 

loss is averaged, for all 10 cases, against the total structural energy loss from 

Figure 35 above. The error bars in Figure 36 display the maximum and minimum 

value out of the 10 cases. It can be seen that the percentage loss through the different 

parts is consistent no matter the fan speed with a low deviance between the maximum 

and minimum values. The windshield and the side windows together account for over 

50% of the structural energy losses in all simulated cases. The side wall and the back 

wall sections have a slightly higher loss percentage compared to the roof sections. 

This higher percentage loss is probably due to the lesser amount of insulation of the 

back wall, in conjunction with its large area, and the poorly insulated tool hatch in the 

side wall. Furthermore, the results suggest that the door is exceptionally well 

insulated with an average energy loss percentage of less than 1%. This is however not 

the case in reality, there is no door insulation. The low energy loss may indicate that 

the way the door is modelled (with an air gap between the exterior steel and the 

interior panel) is faulty, providing insulative properties which are too high. 
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Figure 36. Average percentage energy loss through different structural cabin parts for 10 different fan 

speeds and three different ambient temperatures. The error bars show the maximum and minimum 

value out of the 10 simulated cases. 

5.1.3 Improved window concepts  

The percentage lower input energy of the simulated window concepts can be seen in 

Table 5. The input energy savings of the side DPW´s with a 3 mm air gap is around 

the 1%-mark for all cases except the last (1500 RPM outlined in a darker grey) one 

where the savings are 2.3%. This higher value is due to the fact that the warm inlet air 

was being directly blown on the side windows as discussed in 4.2.2. The same effect 

can be seen with the argon filled side DPW, although the energy savings are not much 

higher than the air-filled case. A common trend for all three ambient temperatures is 

that the energy savings decrease with a fan speed increase. This is again due to the 

relationship between air losses and structural losses shown in Figure 35, the majority 

of the air is simply moving through the cabin volume. The windshield DPW with a  

3 mm air gap presents the same trend as the side DPW´s. Lowering the emissivity to 

ϵ = 0.1 shows an energy saving of 1.5-7.0% for the different cases with a total 

average of 4.8%. Lastly the combined DPW and low-E concepts result in input energy 

savings upwards of 8-9%. It can be seen that the windshield DPW does not provide 

much in terms of energy savings, ranging at around 0.3-1.6% for the different cases. 

Table 5. Input energy savings for the different window concepts. 

 Tamb = 0℃ Tamb = -10℃ Tamb = -20℃ 

Fan RPM 1000 2000 3000 1000 2000 3000 1000 2000 3000 1500 

Side DPW with 3 mm air gap 1.3% 0.8% 0.7% 1.4% 0.8% 0.7% 1.8% 1.3% 1.0% 2.3% 

Side DPW with 3 mm argon 

gap 
1.7% 1.1% 0.9% 1.8% 1.1% 0.9% 2.3% 1.7% 1.4% 2.9% 

Windshield DPW with 3mm 

air gap 
1.9% 1.2% 1.0% 1.8% 1.4% 1.0% 3.2% 2.4% 1.6% 2.7% 

ϵ = 0.1 on all windows 7.0% 4.7% 3.4% 6.3% 4.3% 2.8% 5.9% 3.2% 1.5% 5.1% 

ϵ = 0.1 and side DPW with 3 

mm air gap 
7.4% 4.8% 3.5% 6.7% 4.5% 3.0% 6.8% 4.0% 2.5% 6.3% 

ϵ = 0.1, windshield and side 

DPW with 3 mm air gap 
8.0% 5.2% 3.8% 7.4% 5.0% 3.5% 8.4% 5.3% 3.8% 7.9% 
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5.1.4 Improved insulation concepts 

The percentage lower input energy of the simulated insulation concepts can be seen in 

Table 6. The 60 mm xenon GFP´s provide an average energy saving of 3.7% and the 

40 mm xenon GFP´s an average energy saving of 3.3%.  

Table 6. Input energy savings for the different insulation concepts. 

 Tamb = 0℃ Tamb = -10℃ Tamb = -20℃ 

Fan RPM 1000 2000 3000 1000 2000 3000 1000 2000 3000 1500 

60 mm Xenon GFP 5.6% 2.7% 2.0% 5.5% 2.8% 2.0% 6.4% 3.5% 2.0% 4.9% 

40 mm Xenon GFP 4.9% 2.3% 1.7% 4.8% 2.5% 1.8% 5.7% 3.1% 1.8% 4.4% 

Even though the energy savings from xenon GFP´s are similar to the low-E glass ones 

in Table 5, their real life implementation is deemed implausible at this moment in 

time. This is due to the high cost of the panels, compared to the normal insulation, and 

concerns regarding their structural longevity in automotive applications.  

5.1.5 Air Recirculation  

The percentage input energy reduction of the air recirculation concepts can be seen in 

Table 7. The three different concepts provide large energy savings which scales with 

fan speed and recirculation rate. At the higher fan speed of 3000 RPM the energy 

saving is around 11%, 20% and 30% for the 10%, 20% and 30% recirculation 

concepts respectively.  

Table 7. Percentage input energy reduction for three levels of recirculation. 

 Tamb = 0℃ Tamb = -10℃ Tamb = -20℃ 

Fan RPM 1000 2000 3000 1000 2000 3000 1000 2000 3000 1500 

10% Recirc 8.6% 10.5% 11.1% 8.9% 10.6% 11.2% 8.3% 10.3% 10.4% 8.5% 

20% Recirc 16.4% 19.9% 20.9% 16.8% 19.9% 21.1% 15.7% 19.3% 19.9% 16.3% 

30% Recirc 23.5% 28.4% 29.8% 24.1% 28.5% 30.0% 22.4% 27.4% 28.4% 23.4% 

The air recirculation shows great energy saving potential for the specific test cases. 

The rather low recirculation rates are meant to be applied as an always on solution in 

practice, thus consistently lowering the energy demand of the cabin. The recirculation 

rates can of course be set higher in the current HVAC system, however this might 

pose problems with fogging and bad air quality in the cabin if left to run continuously. 

Further real-life testing is needed in order to find the sweet spot between air 

recirculation rate and optimal cabin climate. 

5.1.6 Plausible concept combination  

The percentage input energy reduction for a simulation of the best and most plausible 

energy saving concepts combined can be seen in Figure 37. The chosen combination 

is low-E glass on all windows, side DPW´s with a 3 mm air gap and 30% air 

recirculation rate. The average reduction of input energy for all 10 cases is 31.6%, the 

average reduction of air losses is 32.8% and the average reduction of structural losses 

is 27.6% with this setup. The low-E glass was chosen since it can be easily 

implemented in a real truck, either in the form of a film or as an internal glass coating. 

The side DPW´s with air was chosen over argon since the latter did not provide a 

large enough energy saving, especially considering the technical difficulties a real-life 

implementation would pose. The windshield DPW was not included since it has a 

rather complex shape compared to the side windows, thus creating a real-life 
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prototype would be challenging. Lastly the 30% air recirculation rate was chosen 

since it provided a large energy saving, can be easily tested and implemented. 

 
Figure 37. Percentage input energy, air losses and structural losses reduction for a combination of 

 low-E glass, side DPW´s and a 30% air recirculation rate. 

5.1.7 Best performing concept combination 

The percentage input energy reduction for a simulation combining the best 

performing concepts overall, disregarding plausibility, can be seen in Figure 38. The 

combination shown is low-E glass on all windows, side DPW´s with a 3 mm argon 

filled gap, windshield DPW with a 3 mm air gap, 30% air recirculation rate and a total 

of 60 mm xenon GFP´s replacing all normal insulation. The average reduction in 

input energy for all 10 cases is 35.4%, the average reduction in air losses is 32.8% and 

the average reduction in structural losses is 47.7%. It can be seen that the GFP´s, in 

conjunction with the DPW´s, add a slight input energy saving and a substantial 

reduction of structural losses compared to the combination in Figure 37. 

 
Figure 38. Percentage input energy, air losses and structural losses reduction for a combination of 

 low-E glass, side and windshield DPW´s, a 30% air recirculation rate and 60 mm xenon GFP´s. 
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5.2 3D cabin model 

The co-simulations with GT-TAITherm are time intensive compared to mono volume 

model, taking hours to complete instead of minutes. All simulation results of the 3D 

model are therefore based only on the transient test case specified in 4.2.2 and 4.4.3 

and not evaluated at steady state due to time constraints. Since the temperatures in the 

cabin does not reach steady state during the test or the simulation, no energy balance 

results are presented. The results of the 3D model are instead consisting of 

temperature comparisons of the test data, calibration simulation and concept 

simulations. 

5.2.1 3D cabin model calibration and validation 

The 3D cabin model was calibrated to achieve a maximum RE of 1% for the volume 

averaged temperature of the cabin by varying the convective heat transfer multiplier, 

which resulted in a calibrated value of 28. The calibration result for the comparison of 

the simulated volume averaged air temperature and the measured average air 

temperature of the test can be seen Figure 39. In the first 200 seconds of Figure 39 the 

simulated temperature deviates somewhat from the test temperature. This might be 

caused by incorrectly assumed initial temperatures in some layers (like the insulation) 

of the thermal model where no test data was available. There are some other visible 

deviations starting just before the 400 seconds mark which persists until the 

simulation has passed 1200 seconds, this is the time range where the maximum RE of 

0.52% is located. Despite these deviations there is a significant range of time where 

the simulation and test data are generally congruent, which gives an average RE of 

0.15% for the entire simulation and 0.063% for the last 300 seconds.  

 
Figure 39. 3D model calibration results comparing simulated temperature with test temperature at  

Tamb = -10℃ and a HVAC fan speed of 2000 RPM. 

The simulated air temperature distribution after 2534 seconds of the simulation for the 

calibrated 3D model is shown in Figure 40. A plane cutting the flow space across the 

passenger seat has been used to visualize the air temperature distribution around the 

seat. In the figure it can be seen that the hot air is coming from the IP inlets and rises 

towards the roof. The air close to the footwells and bottom of the windshield is 

significantly colder. In the area between the lower part of the passenger seat and the 
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evacuator opening in the rear wall it can be seen that the air temperature is similar to 

the temperature close to the top of the IP. 

 

Figure 40. Section view across the passenger seat showing the air temperature after 2534 seconds at 

Tamb = -10℃ and a HVAC fan speed of 2000 RPM. 

The simulated interior surface temperatures after 2534 seconds are shown in  

Figure 41, where local temperature differences can be seen over different elements on 

the same surface.  

 
Figure 41. Simulated interior surfaces temperatures after 2534 seconds at 

 Tamb = -10℃ and a HVAC fan speed of 2000 RPM. 

The interior surface temperatures were not a subject of the calibration but in order to 

validate the model further, the simulated surface temperatures (Tsurf) were compared 

to the ones measured in the test. The resulting relative error for the average surface 

temperatures compared to the measured ones are shown in Table 8. The side window, 
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side roof, door and side wall RE´s only refers to the passenger side due to the 

assumed thermal symmetry, described in 4.2. 

Table 8.  Maximum relative error of the simulated average interior surface temperatures. 

Tsurf 
Wind-

shield 

Side 

window 

Top roof 

window 

Top 

roof 

Front 

roof 

Side 

roof 

Rear 

roof 
Door 

Side 

wall 

Rear 

wall 
Floor 

RE 0.31% 0.46% 1.31% 0.59% 1.12% 1.11% 2.22% 1.06% 1.96% 1.37% 1.32% 

The rear roof is the part with the highest RE for the simulated surface temperatures, 

followed by the side wall and the rear wall as can be seen in Table 8. All of these 

parts are exposed to the flow of air that manage to pass behind the seats. One possible 

explanation to why the RE of these parts is higher than the others could be that the 

discretised flow space is not detailed enough around the seats or the aforementioned 

interior surfaces. The geometry of the 3D model is a simplified version of the real 

cabin, the surface areas of some parts and layers of the model differs from the real 

ones. The RE’s can therefore also be a result of the simplifications made in order to 

build the model. 

5.2.2 Improved window concept 

The volume averaged temperature plots of the standard (STD) model and the DPW 

concept is shown in Figure 42. As can be seen in the figure the DPW concept results 

in a slightly higher temperature from around 1600 seconds of the simulation. The 

temperature difference between the standard model and the DPW concept however 

continues to increase until the end of the simulation. At the final time step of this 

simulation, this percentage volume averaged temperature difference equals 0.13%.  

Even though this percentage increase in temperature is smaller than the maximum RE 

it occurs at the end of the simulation where the RE was around 0.063%. 

 

Figure 42. Volume averaged temperature of the STD model and the DPW concept at  

Tamb = -10℃ and a HVAC fan speed of 2000 RPM.  

Figure 43 a), b) and c) shows a comparison of the interior surface temperature of the 

STD model and the DPW concept for each window. The interior surface temperatures 

increase on all windows with the DPW concept. The window with the highest 

increase in surface temperature is the top roof window in Figure 43 a), followed by 

the windshield in b) and lastly the side window in c).  
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Figure 43. Comparison of interior surface temperatures in the standard model (STD) and the DPW 

concept on the: a) top roof window, b) windshield and c) side window at Tamb = -10℃ and a HVAC 

fan speed of 2000 RPM. 

It might seem strange that the side windows experience the smallest increase in 

interior surface temperature since they are the only windows with double panes whilst 

the windshield and the top roof window only has a reduced emissivity. The simulation 

results of the STD model showed that the major heat loss on the exterior surfaces of 

the windows is due to radiation while the heat loss trough natural convection is a bit 

smaller. The reason to this initially unpredicted behaviour of the DPW concept could 

be due to the placement of the low emissivity layer on the side windows. Since the air 

gap in the side windows insulates quite good, the surface temperature on the outside 

gets lower which results in that the lowered emissivity does not contribute much to 

decrease the net heat transfer trough the side windows.  

The large surface temperature increase of the top roof window might be explained by 

the air temperature distribution in the STD model, shown in Figure 40, where a major 

part of the warm air rises to towards the roof. This movement of warm air results in a 

high heat transfer by forced convection on the interior surface of the top roof window. 

On the exterior surface of the top roof window the major heat transfer is instead 

caused by radiation since no forced convection is occurring. A reduced emissivity on 

the outside of the top roof window therefore probably has significant effect on the net 

heat transfer through the top roof window.  

Figure 44 shows the air temperature distribution after 2534 seconds of the STD model 

and the DPW concept by a section view created across the middle of the top roof 

window. The temperature scale of both the STD model and the DPW concept has 
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been set to the same in order to enable the comparison. There is a small area in the 

DPW concept where the air temperature is higher than maximum value of the 

temperature scale, which is visible as a small white area on the left side of the 

passenger seat. Two interesting areas has been marked with dashed ellipses in both 

the STD model and the DPW concept. Inside both the bigger and the smaller ellipse it 

is visible that the air temperature has increased in the DPW concept compared to the 

STD model.  

 

Figure 44. Air temperature distribution of the standard model (STD) and the DPW concept by a 

section view created across the middle of the top roof window. 
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6 Conclusions and summary 

This thesis has investigated the energy balance of a Scania S20H truck cabin by tests 

in a climate chamber as well as modelling with GT-SUITE and GT-TAITherm. 

Through the creation of a 1D mono volume model in GT-ISE the following 

conclusions were made: (i) The model requires accurate initial conditions, from real 

life testing, to yield accurate results. (ii) The largest cabin energy losses are attributed 

to air losses and losses through the windows. (iii) The best and most plausible energy 

saving measures, tested through simulation, are the implementation of low emissivity 

glass, double pane side windows and using air recirculation as much as possible. 

Through the creation and simulations of a 3D model in GT-TAITherm the following 

conclusions were made: (iv) To increase model accuracy a test setup should be 

designed based on the specific parts included in the model. (v) Additional sub-meshes 

and a less simplified geometry are required to reduce the error of the simulated 

surface temperatures. (vi) The major benefit of the DPW concept is the reduced cold 

downdraught beneath the top roof window and by the driver seat.  

Lastly, to achieve a higher cabin energy performance the air related losses should be 

targeted over the structural ones. The air evacuation outlets are a special point of 

interest for this since both testing and modelling showed that the majority of the 

energy loss is through there.  

7 Recommendations for future work  

Both the 1D and the 3D models require exact initial conditions for each specific test 

case. Due to this, a standardised method for collecting base case data should be used 

for the specific cases of interest. The base case data should be acquired after an 

extended cabin temperature soak to make sure that the initial temperature distribution 

is homogenous across all layers of the cabin. The different base cases should include 

pre-set HVAC settings in regard to fan speed, inlet temperature, which inlets are open 

as well as standardised surface sensor locations. Data should also be collected during 

testing with wind speed to expand the capabilities and the usefulness of the models. 

Air leakage should be implemented in the 3D cabin model via introducing gaps in the 

mesh. By doing this, the behaviour of the air evacuators can be analysed further and 

be optimised to improve the energy performance of the cabin. 
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Appendix 

Table A-1. Structural cabin elements used for the mono volume model in GT-ISE (REDACTED). 

Structural part Layer Material Source for dimensions 

Windshield Exterior Cabin Glass Measured 
 Middle PVB Measured 
 Interior Cabin Glass Measured 

Side Windows Exterior Cabin Glass [89] 
 Middle PVB [89] 
 Interior Cabin Glass [89] 

Top Roof Window Exterior Cabin Glass Measured 
 Middle PVB Measured 
 Interior Cabin Glass Measured 

Floor Exterior Glass Wool Measured 
 Middle 1 Steel [89] 

Zone 1 Middle 2 PUR Measured 
 Interior PP Measured 

Zone 2 Middle 2 PUR Measured 
 Interior PP Measured 

Zone 3 Middle 2 PUR Measured 
 Interior PP Measured 

Back Wall Exterior Steel [89] 

Zone 1 Middle 1 Scania Arctic Insulation Estimated, [89] 
 Middle 2 Scania Standard Insulation Estimated, [89] 
 Interior Interior Textile Panel Estimated, [89] 

Zone 2 Middle 1 Scania Arctic Insulation Estimated, [89] 
 Middle 2 Scania Standard Insulation Estimated, [89] 
 Interior Interior Textile Panel Estimated, [89] 

Zone 3 Middle 1 Scania Arctic Insulation Estimated, [89] 
 Middle 2 Scania Standard Insulation Estimated, [89] 
 Interior Interior Textile Panel Estimated, [89] 

Side Wall Exterior Steel [89] 
 Middle 1 Scania Arctic Insulation Estimated, [89] 
 Middle 2 Scania Standard Insulation Estimated, [89] 
 Interior Interior Textile Panel Estimated, [89] 

Tool hatch Interior PUR Measured 

Top Roof Exterior Steel [89] 
 Middle 1 Scania Arctic Insulation Estimated, [89] 
 Middle 2 Scania Standard Insulation Estimated, [89] 
 Interior Interior Textile Panel Estimated, [89] 

Side Roof Exterior Steel [89] 
 Middle 1 Scania Arctic Insulation Estimated, [89] 
 Middle 2 Scania Standard Insulation Estimated, [89] 
 Interior Interior Textile Panel Estimated, [89] 

Front Roof Exterior Steel [89] 
 Middle 1 Scania Arctic Insulation Estimated, [89] 
 Middle 2 Scania Standard Insulation Estimated, [89] 
 Interior Interior Textile Panel Estimated, [89] 

Back Roof Exterior Steel [89] 
 Middle 1 Scania Arctic Insulation Estimated, [89] 
 Middle 2 Scania Standard Insulation Estimated, [89] 
 Interior Interior Textile Panel Estimated, [89] 

Front Steel Wall Exterior Steel Estimated, [89] 

Miscellaneous - Cabin Material Estimated 



 

II 

 

Door Exterior Steel [89] 
 Middle Air [89] 
 Interior PP [89] 

Table A-2. Material properties used for the mono volume model in GT-ISE (REDACTED). 

Material 𝛒 [kg/m3] cp [J/kgK] k [W/mK] Source 

Cabin Glass 3000 840 1.4 GT-ISE 

Cabin Material 200 1100 5 GT-ISE 



 

III 

 

 

Figure A-1. Location of air temperature sensors during testing. 

 

 

Figure A-2. Location of surface temperature sensors on the interior during testing. From the left: roof, 

side, front, floor and rear view. 

 

  



 

IV 

 

Table A-3. Materials of structural elements used in the GT-TAITherm model (REDACTED). 

Part Layer Material 

Windshield Exterior Cabin Glass 
 Middle PVB 
 Interior Cabin Glass 

Side Windows Exterior Cabin Glass 
 Middle PVB 
 Interior Cabin Glass 

Top Roof Window Exterior Cabin Glass 

 Middle PVB 

 Interior Cabin Glass 

Floor Exterior Glass Wool 
 Middle 1 Steel 
 Middle 2 PUR 
 Interior PP 

Back Wall Exterior Steel 
 Middle 1 Scania Arctic Insulation 
 Middle 2 Scania Standard Insulation 
 Interior Interior Textile Panel 

Side Walls Exterior Steel 
 Middle 1 Scania Arctic Insulation 
 Middle 2 Scania Standard Insulation 
 Interior Interior Textile Panel 

Top Roof Exterior Steel 
 Middle 1 Scania Arctic Insulation 
 Middle 2 Scania Standard Insulation 
 Interior Interior Textile Panel 

Side Roofs Exterior Steel 
 Middle 1 Scania Arctic Insulation 
 Middle 2 Scania Standard Insulation 
 Interior Interior Textile Panel 

Front Roof Exterior Steel 
 Middle Scania Arctic Insulation 
 Interior Interior Textile Panel 

Back Roof Exterior Steel 
 Middle 1 Scania Arctic Insulation 
 Middle 2 Scania Standard Insulation 
 Interior Interior Textile Panel 

Doors Exterior Steel 
 Middle 1 Dry air 
 Middle 2 Steel 
 Middle 3 Dry air 
 Interior PP 

IP Exterior Steel 

 Interior PP 

   



 

V 

 

Side wall glass section Exterior Cabin Glass 
 Middle 1 Steel 
 Middle 2 Scania Standard Insulation 
 Interior Interior Textile Panel 

Storage under IP Exterior Steel 

 Interior PP 

A-Pillars Exterior Steel 
 Middle Steel 
 Interior PP 

Floorwells Exterior Steel 
 Interior PP 

Roof Joint Exterior Steel 
 Middle Steel 
 Interior Interior Textile Panel 

 

Table A-4. Materials used for the interior masses of the GT-TAITherm model (REDACTED). 

Part Material 

Lower Bed PUR  

Upper Bed PUR  

Upper Storage PP 

Seats PUR  

 

Table A-5. New material properties used in the GT-TAITherm model (REDACTED). 

Material  𝛒 [kg/m3] cp [J/kgK] k [W/mK] Source 

Dry air 1.2 1006.50 0.024 [86] 

 


