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Abstract : This paper deals with the impact of heating on the driving range of electric vehicles (EV-s), as the energy 

from a car battery is used on both driving and heating of the car. The possible solution is the novel heating device 

with its own energy source – low presuure heat accumulator. The use of inner heat exchanger in this accumulator 

makes the design of whole device very easy and with the division of a high - pressure from a low – pressure part  

increases its safety. With addition of some salts into water, it is possible to decrease  the value of inner pressure 

(vapor pressure) in heat accumulator along with the conservation of good thermophysical properties of the storage 

medium. In conclusion the measurements on heat accumulator in real conditions are presented 
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1 Introduction 

The high energy efficiency of electric devices 

(electric motor + power electronics + battery) in electric 

vehicles entails the need to find a compensation for 

large waste heat of ICE. In this case not only new 

designs of a car heating  device can provide satisfactory 

solution but finding of a novel energy source for heating 

and so making the whole energy of car battery free for 

driving ( the energy consumption of other electric 

devices like lights etc. is negligible ). Limited capacity 

of batteries, their longer charging times along with 

insufficient charging network make from the driving 

range of EV-s one of the most interestig parameters for 

customers decision by choice of a new car. So can be 

appropriate solution a great advantage. 

 

 

2 The waste heats of the electric vehicles, 

required heating powers  and the decrease of 

driving range 

ICE-s are thanks their low energy efficiency the main 

heat source in cars. The waste heats of electric engine, 

power electronics and car battery together are in 

comparison with ICE negligible. The results from 

driving simulation of car (𝑚𝑚𝑎𝑥 = 1600 𝑘𝑔) according 

to driving cycle Artemis Highway 130 show this very 

clearly (Figure 1). The physical model for simulation 

with other parameters was made according to 

([2], [24]). Values of instant velocities was taken over 

from ([23]).   

  
 

Figure 1 Instant velocities of driving cycle Artemis Highway 

130 

 

Libor Gschwandtner  

Institute of Thermal Power Engineering, Faculty of Mechanical Engineering 

Slovak University of Technology, Námestie Slobody 17, 812 31 Bratislava 1, 

Slovakia, libor.svantner6@gmail.com  
 

Category :  Original Scientific Paper ) 

Received : 21 Marcg 2021 / Revised: 28 March 2021 / Accepted: 30 March 2021 

 



Advances in Thermal Processes  

and Energy Transformation 

 

 

 

2 

 

For calculations of the model was used program 

𝑆𝑦𝑠𝑡𝑒𝑚𝑀𝑜𝑑𝑒𝑙𝑙𝑒𝑟©. Result of simulation was a set of 

the values of the effective instant powers needed for car 

motion. By calculation of waste powers were used 

constant efficency values. For electric vehicle 𝜂𝐸𝑉 =
𝜂𝑚 ∗ 𝜂𝑏𝑎𝑡𝑡 ∗ 𝜂𝑝𝑜𝑤𝑒𝑙𝑒𝑐 = 0,93 = 0,729, and for ICE 

𝜂𝑏𝑒𝑛𝑧 = 0,214.  

Results are shown on diagram (Figure 2). Average waste 

power of EV �̅̇�𝐸𝑉 = 2,5 𝑘𝑊 is much smaller than this 

of ICE �̅̇�𝐼𝐶𝐸 = 34 𝑘𝑊 

 

 
Figure 2  Simulation results – comparison of instant waste 

powers of ICE (blue) with waste powers of electric vehicles 

(electric motor + power electronics + Battery, red) 

 

Values of needed heating powers are within the range of 

1 kW by ambient temperature of 7 °C up to 5 kW by – 

20°C (all with ambient air streaming into car cabin and 

without solar radiation, figure 3). 

 

 
Figure 3 The needed heat powers for heating of cabin air 

accordinng to ambient temperature 

 

Driving range of some EV-s can decrease by 

simultaneous consumption of battery energy on driving 

and heating up to 50% of its initial value how shown on 

figure 4. This driving range drop was calculated from 

WLTP (Worldwide Harmonized Light-Duty-Vehicle 

Test Procedure) - consumption values of Hyundai Ioniq 

Electro with battery energy capacity of 28 kWh. In real 

conditions however may be the driving range drop much 

greater. 

 

 
Figure 4  The driving range drop as a fuction of heating 

power 

 

3 The design of heat accumulator and the use of 

colligative properties of ionic solutions 

 

The proposed heat accumulator may be charged from 

electric network along with car battery. The demanded 

heating power from accumulator is removed in inner 

heat excharger. Heating medium in heating circle may 

be water or glycol. Inner heater divides the high - 

pressure part (pressure vessel) from the low – pressure 

part (heating circle) of heating device. Heating medium 

gives its warmth on cabin air in outer heat exchanger 

(Figure 5). 

 

 
Figure 5 The scheme of the heating device with heat 

accumulator 

 



Advances in Thermal Processes  

and Energy Transformation 

 

 

 

3 

 

As security of passengers is very important, pressure in 

the heat accumulator must be hold as low as possible.  

With regard to the DIN EN 13 445 norm is the pressure 

vessel of heat accumulator a pressure device according 

to paragraph 3, clause 1.2 . For these vessels holds the 

diagram on picture 6 good. As can be seen from this 

diagram, the value of product composed from maximal 

pressure PS an nominal volume V of the vessel in litres 

shold be smaller or equal to 200 (blue marked area in 

diagram, category I and II) also 𝑃𝑆 ∗ 𝑉 ≤ 200. Pressure 

vessels of category I and II need neither outer nor inner 

periodic strength and other tests. Thus the nominal 

pressures in accumulator were chosen to fulfil this rule. 

 

 
Figure 6  DIN EN 13 445 diagram for pressure devices 

according to paragraph 3, clause 1.2 

 

But rule 𝑃𝑆 ∗ 𝑉 ≤ 200 influences nominal amount of 

energy in accumulator as well. Energy in accumulator 

can be calculated with equation (1) : 

𝑄 = (𝑚𝑚𝑒𝑑 ∗ 𝑐�̅�𝑟𝑖𝑒𝑚 ∗ ∆𝑇)/3600  [𝑘𝑊ℎ]  (1) 

Where : 

𝑚𝑚𝑒𝑑 −
𝑡ℎ𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑚𝑒𝑑𝑖𝑢𝑚 𝑖𝑛 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑜𝑟  

𝑐�̅�𝑣𝑒𝑟𝑎𝑔𝑒

− 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑠𝑡𝑜𝑟𝑎𝑔𝑒  
𝑚𝑒𝑑𝑖𝑢𝑚   
∆𝑇 − 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒   
The nominal energies, pressures and temperatures in the 

accumulator by using of water as storage medium and 

validity of 𝑃𝑆 ∗ 𝑉 ≤ 200 rule are (Table 1, Figure 7) : 

 
Table 1 Volumes, energies, temperatures and pressures in 

heat accumulator 

𝑉[𝑙] 𝑄[𝑘𝑊ℎ] 𝑡[°𝐶] 𝑝[𝑏𝑎𝑟] 

10 1,4 210 20 

15 1,7 190 12,6 

20 2,0 180 10 

 

 

 

 

 
Figure 7 The nominal energies in heat accumulator by 

fulfillment of the PS*V≤ 200 rule, storage medium pure 

water 

 

One of the possibities how to increase the energy in the 

accumulator by validity of the 𝑃𝑆 ∗ 𝑉 ≤ 200 rule is 

using of colligative properties of the ionic water - salt 

solutions. One of colligative properties is vapor pressure 

drop. But the thermodynamic properties, mainly 

specific thermal capacity and density, what are 

important parameters for quantum of energy, change by 

addition of salt into water as well . To do the use of salt 

solutions purposeful, the storable energy in accumulator 

have to be higher than these of water. 

The fulfillment or failure of this condition is shown on 

two salt solutions  𝑀𝑔𝐶𝑙2 (magnesium chloride) and 

𝐶𝑎𝐶𝑙2(calcium chloride) with concentration range 

(mass concentration) between 30 up to 50 %, resp. 55 % 

in case of calcium chloride. Water solutions of these 

salts have much higher pressure drop as other chlorides 

(𝑁𝑎𝐶𝑙, 𝐾𝐶𝑙) and their solubility is much better as well. 

But it must be noted on this place that the state of art 

knowledges about vapor pressures of ionic solutions as 

well as their thermodynamic properties at high 

temperatures (𝑡𝑠𝑜𝑙 > 100°𝐶) are not well known as in 

case of pure water and unlike water, for salt solutions 

we have not international respected data set. Thus the 

thermodynamic - colligative data used in this work were 

collected from many articles and tables 

([29] 𝑢𝑝 𝑡𝑜 [38]) as well as our own measurements.   

The vapor pressure drops of 𝑀𝑔𝐶𝑙2 solutions are steeper 

than these of 𝐶𝑎𝐶𝑙2 solutions on same concentrations 

(Table 2, Figure 8).  

 
Table 2 Vapor pressures of 𝐶𝑎𝐶𝑙2 and 𝑀𝑔𝐶𝑙2 solutions 

 

𝑡[°𝐶] 𝑝𝑤𝑎𝑡𝑒𝑟  
[𝑏𝑎𝑟] 

𝑝30%
𝐶𝑎𝐶𝑙2 

[𝑏𝑎𝑟] 
𝑝30%

𝑀𝑔𝐶𝑙2
 

[𝑏𝑎𝑟] 

𝑝50%
𝐶𝑎𝐶𝑙2 

[𝑏𝑎𝑟] 
𝑝50%

𝑀𝑔𝐶𝑙2
 

[𝑏𝑎𝑟] 
150 4,761 3,5 2,59 1,95 0,86 

300 85,877 61,1 53,3 41 27,2 
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Figure 8 The vapor pressure drop of 𝐶𝑎𝐶𝑙2 and  𝑀𝑔𝐶𝑙2  

water solutions in comparison with the vapor pressure of 

pure water (blue) 

 

Specific thermal capacities of 𝐶𝑎𝐶𝑙2 and 𝑀𝑔𝐶𝑙2 in high 

temperatures area ( 𝑡𝑠𝑜𝑙 > 100°𝐶 ) at same 

concentrations differ not so much as in case of vapor 

pressures. Their values depend mainly from mass 

concentration and temperature (Table 3, Figure 9). 

 
Table 3 Specific thermal capacities of 𝐶𝑎𝐶𝑙2 and 𝑀𝑔𝐶𝑙2 

solutions at high temperatures 

 

𝑡[°𝐶] 𝑐𝑤𝑎𝑡𝑒𝑟  
[𝑘𝐽
/𝑘𝑔𝐾] 

𝑐30%
𝐶𝑎𝐶𝑙2 

[𝑘𝐽
/𝑘𝑔𝐾] 

𝑝30%
𝑀𝑔𝐶𝑙2

 

[𝑘𝐽
/𝑘𝑔𝐾] 

𝑝50%
𝐶𝑎𝐶𝑙2 

[𝑘𝐽
/𝑘𝑔𝐾] 

𝑝50%
𝑀𝑔𝐶𝑙2

 

[𝑘𝐽
/𝑘𝑔𝐾] 

100 4,217 2,7 2,68 2,06 1,68 

300 5,752 3,8 3,83 2,86 2,95 

 

 

 
 

Figure 9  The drop of specific thermal capacities of 𝐶𝑎𝐶𝑙2 

and 𝑀𝑔𝐶𝑙2 solutions at high temperatures in comparison 

with water (blue) 

 

 

Densities of 𝐶𝑎𝐶𝑙2 and 𝑀𝑔𝐶𝑙2 solutions icrease with 

increasing mass concentration. Their density at boiling 

point temperature and 50% concentration is 

approximately equal – around 1500 𝑘𝑔/𝑚3, what is 

about 50% more than in case of pure water. 

Energies in accumulator by fulfillment of 𝑃𝑆 ∗ 𝑉 ≤ 200 

rule are higher than these of water in used concentration 

range only in case of 𝑀𝑔𝐶𝑙2 solution (Figure 10). 

Energy capacity of 10 l accumulator, filled with 15 kg 

of 50 % 𝑀𝑔𝐶𝑙2 solution is 1,7 kWh what is about 21%  

more than in case of pure water (𝑄𝑣𝑜𝑑𝑦
10𝐿 = 1,4 𝑘𝑊ℎ).  

 

 

 
Figure 10 The comparison of energies of 𝐶𝑎𝐶𝑙2 

and 𝑀𝑔𝐶𝑙2 water solutions with the energy of pure 

water 

 

 

Another possibility how to store more heat energy in 

accumulator is division of one big volume V into smaller 

– elementary volumes 𝑉𝑒𝑙𝑒𝑚.  So can be nominal 

pressure PS in this elementary volumes higher (𝑃𝑆 ∗
𝑉𝑒𝑙𝑒𝑚 ≤ 200, 𝑉𝑒𝑙𝑒𝑚 ≤ 𝑉 ,𝑉 = ∑ 𝑉𝑒𝑙𝑒𝑚). Thus the sum of 

energies in elementary volumes  is higher than energy 

in one big volume. The use of inner heat exchanger 

makes this cocept easy.  

As mentioned above, colligative – thermophysical 

properties of ionic solutions at high temperatures are not 

well known. Research of these properties can bring 

interesting results and not only these of binary solutions 

but solutions of water and mixture of many salts. 

Essential for the use of heat accumulator is its ability to 

hold inner temperature as long as possible, also good 

thermal insulation. High demands fulfill the evacuation 

of inner pressure vessel also the use  outer  housing 

(Figure 11).   
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Figure  11  The design of thermal insulation for the heat 

accumulator 

 

 

For example, waste heats of 10l accumulator with total 

area of  0,27𝑚2, the gap between inner vesssel and outer 

housing  𝛿 = 1𝑐𝑚 and area of outer housing 0,31𝑚2 by 

using of the evacuation range from 15 W (emissivity 

0,02 of silvered areas) up to 123 W (emissivity 0,14 of 

glazed metal plate [15]). Thus times in which the 

storage medium in the accumulator cool down to the 

half of its initial teperature (in our case from 240°C to 

120 °C ) ranges from eight days for silvered areas up to 

one day for glazed steel (Figure 12). In reality are 

cooling times shorter due to thermal loses  in the area of 

outlet pipes. But with appropriate design arrangements 

can the real cooling times approximate to  ideal values. 

 

 

 
Figure  12  Ideal cooling times of the evacuated heat 

accumulator on the half of its initial temperature           

(𝑡𝑖𝑛𝑖 = 240°𝐶) for various materials/surfaces                   

(휀 = 0,02 𝑠𝑖𝑙𝑣𝑒𝑟𝑒𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑠 ÷ 0,14 𝑔𝑙𝑎𝑧𝑒𝑑 𝑠𝑡𝑒𝑒𝑙) 

 

4 The use of heat accumulator in real weather 

conditions – measurements of inner 

temperature and heating power 

 

The inner temperature of storage medium in the 

accumulator is key parameter for determination of its 

actual resp. remaining energy 𝑄𝑟𝑒𝑠𝑡  as well as 

consumpted energy 𝑄𝑐𝑜𝑛𝑠. By current measurement of 

operational times of heating device we can calculate its 

average power �̅̇�𝑎𝑣𝑒𝑟    as well.  Our experimental heat 

accumulator (Figure 13) had been not evacuated. It was 

insulated with rockwool. Thus its waste heats were 

much higher than by evacuation of accumulator.  But 

thanks its position during measurements in rear space of 

car (Škoda Fabia) contributed its waste heats to heating 

of cabin air as well. Thus it could be considered as an 

ideal heat accumulator without heat losses. 

 

 

 

 
 
Figure 13 Tthe experimental heating device in rear space of 

car 

 

 

Testing driving route led from Stupava to the centre of 

Bratislava – bus station Mlynské Nivy (Figure 14). This 

route was chosen because it represents very good 

everyday driving to work, school etc. from surrounding 

country to the city centre. Time duration of this route is 

in ideal case between 23 and 26 minutes but in reality it 

is strong influenced by actual traffic situation. So can be 

driving time longer than one hour especially in traffic 

peaks. 
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Figure  14  The route of measurement drivings 

 

Accumulator with volume of 10l was filled with 15 kg 

of 50% 𝑀𝑔𝐶𝑙2 solution. Inner temperature on beginning 

of measurements was always 240°C  (𝑄240°𝐶 ≅
1,22𝑘𝑊ℎ , 𝑝 = 8,8 𝑏𝑎𝑟). Temperature sensor was 

placed direct in solution. Precision of temperature 

measurements was ±1°𝐶. The time duration of driving 

was measured as well in order to calculate average 

heating power. The average temperature of cabin air was 

adjusted constantly on 20°C. Its temperature sensor was 

attached on rear side of driver´s seat at height of his 

head. The car was not thermal preconditioned at the 

beginning of measurements thus its initial temperature 

was always equal to ambient temperature. 

Measurements was done mostly evenings or by cloudy 

weather in order to eliminate the influence of sunlight. 

Main objective of this measurements was to prove its 

ability to heat and hold cabin air on demanded 

temperature during whole driving. Accumulator can be 

considered as discharged when its inner temperature 

drop to 100°C. The results of measurements are in table 

4 and at the Figure 15 :  

 
Table 4 (in two parts) : Measurement results, (𝑄𝑖𝑛𝑖𝑡 =

𝑄240°𝐶 ≅ 1,22𝑘𝑊ℎ) 

Date 

Beginnin

g 

[ℎ𝑜𝑑] 

End 

[ℎ𝑜𝑑] 

Total 

time 

[𝑚𝑖𝑛] 

𝑡𝑜𝑘𝑜𝑙𝑖𝑎 
[°𝐶] 

11.02. 

2021 
16:35 17:17 42 - 10 

12.02. 17:10 17:49 39 - 10 

13.02. 17:04 17:45 41 - 7 

14.02. 17:22 18:02 40 - 8 

15.02. 16:44 17:22 38 0 

20.02. 16:06 16:46 40 + 5 

21.02. 16:10 16:48 38 + 2 

28.02. 16:29 17:06 37 + 8 

09.03. 17:40 18:21 41 + 1 

Date 
𝑡𝑎𝑐𝑐𝑢𝑚

𝑒𝑛𝑑  
[°𝐶] 

𝑄𝑟𝑒𝑠𝑡  
[𝑊ℎ] 

𝑄𝑟𝑒𝑠𝑡
𝑟𝑒𝑙𝑎𝑡  

[%] 
�̅̇�𝑎𝑣𝑒𝑟  
[𝑊] 

11.02. 

2021 
100,1 0 0 1742 

12.02. 108,6 82 6,8 1749 

13.02. 118,1 173,3 14,2 1532 

14.02. 112,1 116 9,5 1656 

15.02. 152 498 40,8 1140 

20.02. 171,1 681 55,8 808 

21.02. 162,3 597 48,9 983 

28.02. 187,1 834 68,4 625 

09.03. 149,1 470 38,6 1097 

 

Where : 

𝑡𝑎𝑐𝑐𝑢𝑚
𝑒𝑛𝑑  – temperature in accumulator at the end of 

driving 

𝑄𝑟𝑒𝑠𝑡  – remaining energy at the end of driving (useful 

energy drops at 100°C practically to zero) 

�̅̇�𝑎𝑣𝑒𝑟  – average heating power 

 

 

 
 

Figure 15 Inner temperatures in accumulator during the test 

drivings 

 

 

As the results show could heat accumulator heated cabin 

air during driving in all cases. By lower ambient 

temperatures between – 10°C and – 7°C , drop the useful 

energy in accumulator at the end of driving pracitcally 

to zero. By ambient temperature between 0°C and 8°C 

remained in accumulator at the end of driving from 38,6 

% up to 68,4 %  of useful energy.  
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5 Conclusion 

 

On the basis of performed measurements may be 

testified that the designed device proved very good by 

the practical use. Thus it is significant to investigate 

more the colligative – thermophysical properties of 

ionic solutions at high temperatures as well as to 

improve the design of heat accumulator and its 

connection into heating of cabin air in electric vehicles.  
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