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ABSTRACT

This paper aims at providing further understanding of
electric vehicle (EV) charging in a cold environment by
providing an overview of laboratory tests conducted for
several EVs. The paper describes the laboratory test
process and the main findings of the laboratory mea-
surements. The measurement results and stochastic load
modeling show that the energy demand increases signif-
icantly over wintertime charging sessions. The increased
energy demand also increases peak loads in the distribu-
tion networks. In Nordic distribution grids, EV charging
peak loads often overlap baseload peaks, creating incen-
tives to manage charging in a smart way. The increased
energy content and additional preheating power cause a
need to rethink smart charging applications. As the main
outcome of the paper, the laboratory routine is described
with the measurement results of four EVs and one plug-
in hybrid electric vehicle (PHEV). As the main result, the
study shows that the temperature dependence is among the
key variables to be added to the stochastic EV charging
load modeling in cold environment areas.

INTRODUCTION

Electric mobility is taking an increasing role in the private
and public transportation. EU directives, national legisla-
tion, and energy policy are the key driving forces behind
the rapid change of the private transportation sector. An
attitude change can also be seen in the press releases
of many car manufacturers, indicating a greater focus on
full electric powertrains. While the public attitude toward
EVs is also changing, EV sales are rapidly increasing in
pace in the Nordic countries and all over the world. In
practice, this means that scenarios are about to become
reality, and distribution grids are already facing new loads.
Countries with cold climate conditions need to pay special
attention to the temperature dependence of EV charging
loads as it is likely to cause additional needs for distri-
bution grid reinforcement. The measurement results and
stochastic load modeling show that the energy demand
increases significantly over wintertime charging sessions.

The increased energy also increases peak loads in dis-
tribution networks. In Nordic distribution grids, charging
peak loads often overlap baseload peaks, creating incen-
tives to manage charging in a smart way. The increased
energy content and additional preheating power cause a
need to rethink smart charging applications. Cutting the
charging power too low is likely to compromise the charg-
ing event as charging energy per heating energy ratio leans
strongly on heating energy, and as a result, the charging
time window may run out.
The strategic planning of the electricity distribution is
a multivariable optimization problem, which involves
masses of variables describing various technical proper-
ties, economic aspects, and forecasts. Many of the vari-
ables related to EVs, such as kilometers driven per day
or arrival time, can be estimated based on national traffic
surveys or site-specific surveys. Vehicle stack or fleet prop-
erties can be queried from public or semipublic registers.
In the Nordic climate conditions, the energy consumption
and charging capabilities of vehicles in a cold climate play
a significant role in the electricity system planning. Thus, it
is important to study how a charging event changes when
the ambient temperature drops below zero. Some studies
[1, 2] have raised similar issues and partially answered
these questions. In addition, efforts have been made by
the press [3, 4] and associations in the field [5], but
more research and measurement of the real-life operating
conditions are needed.
This paper aims at providing further understanding of elec-
tric vehicle (EV) charging in a cold environment by giving
an overview of laboratory tests conducted for several EVs,
but also by showing how to apply results to stochastic load
modeling. The paper describes the laboratory test process
and the main findings of the laboratory measurements.
As the main outcome of the paper, a brief summary of
the laboratory routine is provided with the measurement
results of four EVs and one plug-in hybrid electric vehi-
cle (PHEV). All cars were tested at temperatures of 20°C,
0°C, -10°C, and -20°C, reflecting typical outdoor temper-
atures in the Nordic countries. The measurement report
describes the test setup, the measuring routine, and results
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Fig. 1: Cold environment vehicle testing laboratory with
the test subject car attached to a four-wheel dynamome-
ter

in detail [6], and the raw data are also publicly avail-
able [7]. The measurements were conducted in a large
temperature-controlled vehicle technology laboratory (Fig.
1), and the charging measurements were logged from a
three-phase power analyzer. In the worst-case scenario, the
charging energy demand may even double compared with
charging in standard conditions (+20°C). In the testing, all
the cars equipped with a battery heater showed an increas-
ing energy demand. The car without an auxiliary battery
heater was not able to charge fully when the tempera-
ture was decreased below -10°C. The results benefit EV
charging modeling and EV uptake scenario analysis of the
distribution grids in cold climate countries.

BACKGROUND INFORMATION

The main motivation for the further testing of electric vehi-
cle (EV) charging was to acquire more detailed knowledge
of how the charging power and energy can vary under dif-
ferent climate conditions, especially in the cold Nordic
climate. The hypothesis based on the public discussion
and basic physics is that EVs consume more energy when
operating in cold climate conditions. The increase in the
consumption can mainly be explained by the additional
heating energy required to maintain a comfortable cabin
temperature while driving. In reality, it is obvious that there
are multiple factors that impact the total energy demand.
Several scientific publications support the hypothesis, yet
not many focus on the effect that the increased demand
may cause on the distribution grid infrastructure.
The main interest of the measurements lies in low-
temperature charging events as they set the parameters
for the worst-case scenario in the Nordic climate condi-
tions. The worst-case scenarios cannot be overlooked when
designing and dimensioning the EV charging infrastruc-
ture. The rationale behind the time-consuming laboratory
testing is that there is clear evidence that lithium-ion-based
battery technologies face challenges in cold climate condi-
tions. Issues are related, for instance, to accelerated battery
degradation [8], cold climate fast charging capabilities [9],
or cold climate charging capabilities in general [10]. The
root cause for challenges in lithium-ion battery charging
at subambient (below 20°C ambient temperature) temper-
atures is often dendrite growth [11] that potentially causes

Cooling 
down Preheating Charging 

after driving
Discharging, 
WLTP cycle

16:00 8:00-10:00 10:00-12:00 12:00-16:00

Fig. 2: Full-day testing routine divided into four main
parts.

an internal short-circuit. Therefore, it is required to main-
tain a certain operating temperature during the charging
event. Active temperature control requires energy, which
is then shown as an additional demand on the distribu-
tion grid side. The cold climate charging power curve is
often very different compared with charging events exe-
cuted in close proximity of the battery manufacturer’s
recommended nominal operating temperature. Real-world
laboratory or field tests can be seen to bring high added
value, because modeling the car operation in varying con-
ditions is likely to require many simplifications and contain
a large number of very uncertain input variables, which
affects the modeling results. Moreover, charging tests can
be used to validate charging models to enhance the relia-
bility of the results and even further encourage engineers
to exploit the modeled results.

TEST SETUP AND ROUTINE

In the design process of the testing routine, the main chal-
lenges are related to the selection of the cars and setting
up a sufficient charging routine. The car selection can be
considered to have a major impact on the results, as car
manufacturers use distinct technologies for the powertrains
and batteries of the cars. Often, models that fall into the
premium full-size class are better equipped. A premium car
can, for instance, be equipped with better battery temper-
ature management to ensure a good charging experience
regardless of the ambient temperature. The current sales
figures in Finland were used as a guideline in the selec-
tion of the test cars; a detailed description is available in
the measurement report [6]. The main goal of the test rou-
tine was to mimic a typical or average car usage. Fig. 2
illustrates the four stages of the charging routine. First,
the car is cooled to the target temperature. The cooling
cycle continues over night to ensure that also the battery
has reached the target temperature. Secondly, in the morn-
ing, the discharge cycle begins with preheating of the car
cabin. The preheating mimics typical operation of cars in
winter conditions in the Nordic countries. The car is oper-
ated at the test bed according to the worldwide harmonized
light vehicle test procedure (WLTP) test cycle to mimic
the real-world driving as closely as possible. The opera-
tion continues until the battery state-of-charge (SoC) has
discharged to 70%. The fourth and last stage is the charg-
ing stage. After the driving stage, the car is immediately
plugged into the charger and charged to the full SoC.
The testing took place in the laboratory of Metropolia
University of Applied Sciences in Helsinki, Finland. The
test cycles were monitored and logged in data logs to be
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Fig. 3: Power curve of three phases at 20°C ambient
temperature in the car A charging test.

examined later. An Ensto EVF100W-BSAC [12] charging
pole was used to provide mode 3 charging support. The
charging power was measured by using a Carlo Gavazzi
EM340 [13] power analyzer. Data were then logged by
using the Modbus interface of the power analyzer by a
Modbus logger [14] and further uploaded to a long-term
storage [7].

LABORATORY MEASUREMENT RESULTS

The tests conducted in the laboratory revealed substantial
changes in the power and energy demand of the EVs. In
the following, highlights of the power curves recorded at
the testing event are provided, and changes in the total
charging energy demand are summarized. The testing of
the cars was highly time consuming, taking a full working
week per a car tested. The first test for each car was a refer-
ence test, where the car charging was tested at the ambient
temperature of 20°C. Fig. 3 shows that the total energy of
the charging event is 15.7 kWh. The charging begins with
the rated power and continues at the full power for a few
minutes before the battery cell voltages begin to limit the
charging current.
The second test at 0°C showed a similar power curve com-
pared with the +20°C testing case. All cars followed a
similar pattern between the first two tests. The reference
and 0°C curves varied slightly between the cars depend-
ing on how close to the actual full capacity the battery was
reaching at the 100% SoC observed by the user. The cars
with smaller safety tolerances showed a typical lithium-ion
charging curve, where the end of the charging period has
a concave-shaped end caused by the decreasing charging
current (to not exceed the maximum allowed cell voltage).
The third test at -10°C changes the setting dramatically
with the test conducted to car A (Fig. 4). The total energy
of the charging event stays almost the same as in the refer-
ence case. The charging event begins with the rated power
and quickly drops by about 1 kW per phase. The charging
continues at a steadily decreasing charging current until
the car reduces the third-phase power to zero and increases
the power of the two other phases. The total charging
time increased by about 35%, and the shape of the power
curve changed slightly. Furthermore, it is noteworthy that
in the last part of the charging event, the three-phase load
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Fig. 4: Power curve of the three phases at -10°C ambient
temperature in the car A charging test.
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Fig. 5: Power curve of the three phases at -20 °C ambient
temperature in the car A charging test.

is asymmetrical as the car has dropped the power of one
phase to zero.
The fourth test at -20°C shows major changes in the shape
of the charging load power curve and in the total energy.
The total energy increased by about 1 kWh, but the power
demand was very intermittent and the car switched mul-
tiple times between two-phase and three-phase charging.
The charging curve shows clearly that the car uses the
battery heating element to reach temperature levels where
charging can be continued. Fig. 5 demonstrates the inter-
mittence of the charging curve characteristics. The total
charging time was also prolonged significantly compared
with the reference test, by almost 80%.
Tables 1 and 2 summarize the total preheating and charg-
ing energies of each car under test. Absolute values are
car-specific and should not be compared, as the reference
charging energy varies according to the car under test.
The relative change in the charging energy varies between
a 100 % increase and a -36 % decrease. The cars that
showed a decreasing energy content were not equipped
with battery heaters, and thus, the total energy charged
to the battery was lower than it would have been in the
reference operating temperature. In low (below 0°C) tem-
peratures, it is possible that battery is not capable of storing
the full energy capacity (see car B in Table 1). The cars
that showed an increasing total energy in low-temperature
charging were equipped with battery heaters. Most of the
additional charging energy was due to battery heating.
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Table 1: Total charging energy of the tested cars.
∗Battery charging was terminated before reaching the
100% SOC. ∗∗Worst-case scenario, the car parked
overnight with a discharged battery. Preheating energy
not included.

Testing temperature

Car
20°C 0°C -10°C -20°C -20°C∗∗

kWh kWh kWh kWh kWh
Car A 15.7 15.6 15.7 16.7 23.6
Car B 20.3 17.8 18.3 15.3 15.6∗

Car C 13.0 12.4 12.6 12.6 15.0
Car D 23.3 23.0 25.5 24.3 27.5
Car F 10.3 10.2 10.0 9.7 7.6∗

Table 2: Total preheating energy of the tested cars.
Testing temperature

Car
0°C -10°C -20°C
kWh kWh kWh

Car A 5.5 7.9 12.3
Car B 0.7 3.1 3.1
Car C 1.6 2.9 2.4
Car D 1.4 0.5 2.5
Car F 0.3 0.5 0.4

In addition to charging tests, the cars were preheated before
driving, and the data were recorded. The total energy con-
tent of preheating is highly dependent on the ambient
conditions, technical boundaries, and most importantly,
also on the user preferences. Table 2 shows that the total
energy content of preheating can be compared with the
total charging energy content. The cars equipped with heat
pumps had a much lower energy impact.

NETWORK EFFECTS

The results of the cold climate charging tests were applied
to stochastic EV charging load modeling to reveal the
dependence of the peak load and the stochastic load curve
on the ambient temperature. The stochastic model used in
the analysis is described in more detail in [15]. To obtain
the overall effect of the ambient temperature in the mod-
eling, the relation of the car’s energy consumption to the
ambient temperature has to be incorporated in the model.
Fig. 6 shows how the consumption depends on the ambient
temperature. The data are gathered from various sources
and include tens of cars in different car sizes and type
classes [3–5]. When the temperature drops below 0°C, the
consumption starts to increase dramatically. It is pointed
out that the tests are not conducted scientifically, but can
still be used to build a good starting ground for the stochas-
tic model. It is also important to note that driving cycles,
the driver’s driving style, and other personal preferences
have a major impact on the EV’s energy consumption in
cold climate conditions.
The stochastic model is a relatively simple Monte Carlo
simulation, but the parameter tuning requires skill, experi-
ence, and fine-tuning. The model is fed with distributions
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Fig. 6: Car power consumption estimates in different
temperatures. Data compiled from various sources.[3–
5, 15]

of arrival time, departure time, number of trips, total kilo-
meters driven, vehicle consumption, battery size area effi-
ciency, and user preferences. In addition, there is a large
number of parameters that allow to adapt the model for var-
ious environmental conditions. Fig. 7 shows an example of
the model results in the case of an apartment house park-
ing area with a total of 20 charging spots equipped with 11
kW chargers. The effect of cold ambient temperature can
be seen as an increased peak load, but also as a secondary
consumption peak in the morning hours. The secondary
peak is caused solely by the preheating of the cars, and
it is typically very difficult to estimate accurately. The pri-
mary peak power increases by approximately 25%, which
is a substantial increase considering the grid planning. The
model captures the stochastic properties of the EV charg-
ing load, because even a low number of cars often results in
a peak power, which is a product of the charger power and
the number of cars. Fig. 8 illustrates the model properties
as a function of the number of cars. The model also pro-
vides a capability to estimate smart charging, which aims
at the lowest possible peak power by shifting individual
charging events to a later time. Dynamic charging coordi-
nation or peak shifting can be very beneficial especially
in cold climate conditions, where peak loads are likely
to increase when the ambient temperature drops below
zero. Based on the simulation, uncontrolled charging at
+20°C ambient temperature results in high peak loads as
does the dynamically controlled charging at -20°C ambient
temperature.

CONCLUSION

The study summarized testing of four EVs and one plug-
in hybrid electric vehicle (PHEV). The results show that
the subambient temperature has a substantial effect on
the EV charging power, energy, and total charging time.
The absolute magnitude of changes is highly dependent
on multiple variables, such as battery temperature, bat-
tery heating equipment, the car manufacturer’s preferences
for cold climate operation, battery chemistry, and proba-
bly also battery age. As the main result, it is shown that
EV charging has a significant temperature dependence. In
respect of grid planning, it is recognized that cold climate
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not only increases the peak power of the EV charging but
also impacts the energy demand and the shape of the charg-
ing profile. When charging takes place at a below-zero
temperature, the load curve is introduced with a secondary
power peak, which is mainly caused by preheating of the
cars. The primary peak of the load curve increases by
25–30%. The energy demand in the winter season also
increases significantly, up to double.
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