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Abstract
The environmental impact of ICEVs (internal combustion engine vehicles) have led to increasing numbers of EVs (electric
vehicles) and plug-in hybrid vehicles being developed. However, current HVAC (heating, ventilation and air conditioning)
systems can heavily impact energy consumption, reducing EV range. MVHR (mechanical ventilation with heat recovery)
is an approach to minimise the HVAC energy consumption currently used in buildings to meet the Passivhaus building
standard and can be used for both heating and cooling. In this work a MATLAB Simulink model and a road load model
are used to quantify potential energy reduction and corresponding range savings from an automotive MVHR HVAC sys-
tem. The model is calibrated against data from the industry sponsor for a baseline non-MVHR vehicle. The results show
a 74.3%–94.9% HVAC energy consumption and corresponding range savings of a mean average of 8.8%–11.0% range sav-
ings over the baseline case without MVHR, and a corresponding 0.5%–2.5% range increase over the industry sponsor’s
vehicle’s range under certification conditions. The work concludes that the application of MVHR technology to automo-
tive cases is beneficial.
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Introduction

It is widely accepted that greenhouse gases directly
affect global warming; greenhouse gases include CO2,
CH4, HFCs and PFCs among others.1 Global warming
has seen a rise in global temperatures as well as increas-
ing numbers of natural disasters, extreme weather
events, species extinction and rising sea levels.1–7

ICEV’s are major contributors to CO2 emissions –
according to the IEA, the transportation sector repre-
sents a quarter of the world’s CO2 emissions, and over
30% of the UK’s.8 Furthermore, burning fossil fuels
like petrol and diesel also produces air pollutants such
as PM, SO2, NOx, HCs, VOCs, CO and NH3

9 which
are regarded as the most critical environmental human
health hazard10– resulting in an eighth of global deaths.1

EVs consume up to 49% less energy than ICEVs and
avoid exhaust emissions.11,12 Manufacturers throughout
Europe and across the globe are being pushed to lower
vehicle emissions and to invest into the development of
EVs through emissions-based taxation and other legisla-
tion.9 To improve EV sales, several barriers to EV adop-
tion need to be overcome, including price, charging

infrastructure, range concerns and consumer percep-
tion.3,13–15 Both Bonges et al.14 and Noel et al.15 state
that the main public concern about EVs is their limited
range and Kambly and Bradley16 states that the main
reason is an EVs inability to consistently meet a range
target. A solution to extend range and improve range
consistency without enlarging or developing the battery
involves minimising auxiliary loads. HVAC systems are
the greatest auxiliary load in EVs and significantly impact
battery longevity and range17–19; hence, substantial savings
can be made by improving HVAC efficiency.

The most basic HVAC system for EV’s includes a
PTC heater element for heating and, optionally, an
electric compressor for A/C.20 For their simplicity,
PTC heater elements are the most used in EVs, with
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typical power ratings of 4–6kW21; they can be used to
heat a water-glycol mix or directly heat the air flow
into the cabin.21 HVAC systems make up 20%–40% of
the total energy consumption of EVs dependent on
ambient temperature and driving conditions.17 Figure 1
shows a diagram of the overall EV energy consump-
tion, with the HVAC consumption at 23.7%; hence, at
40%, the HVAC system would be consuming more
energy than traction.

When comparing the literature, the mean average
range reductions found were 45.9% and 16% for heat-
ing and cooling respectively; with a standard deviation
(heating) of 5.5%18,19,23–28 showing high confidence in
the range reduction values. The dominant solution
for reducing HVAC consumption is currently heat
pumps.20 Heat pumps use a conventional A/C system
with an additional heat exchanger and expansion
valve27,29 and can lower HVAC energy consumption by
38.9% (averaged from Peng and Du,20 Lajunen21 and
Rabl29). However, they have low system efficiency20;
challenging and complex control systems21; cannot pro-
vide instantaneous heat transfer29; are considered inef-
fective in cold climates20,21,25–27,30; and use refrigerants
which have environmental concerns and legislative
restrictions.20 Cabin air recirculation is also used by
some manufacturers to reduce HVAC energy consump-
tion.31 This method has been found to reduce AC
power by 6.1%, however, care must be taken to avoid
low cabin air quality and windscreen fogging.31

MVHR transfers heat between the extracted and
incoming ventilation air in a room or building.32 The
extract and supply airflow rates must be kept as close
as possible to avoid efficiency losses from pressurisa-
tion of the building.33 The extracted air in the case of
buildings is warm and moist – coming from bathrooms
and kitchens, and generally this heat is used to warm
the cold and dry outside air.32 MVHR units contain an
air-to-air heat exchanger and supply and extract fans.32

Its effectiveness is directly dependent on the efficiency
of these components, the buildings airtightness and the
air flowrate33. MVHR also provides better indoor air
quality.34–36 This includes: less temperature discom-
fort34,35,37,38; less humidity and condensation33; less
draughts and odours34 and up to 48% reduced indoor
CO2 levels.33,36,37,39 Generally, MVHR is used to
achieve the Passivhaus Standard which is one of the
most internationally recognised and widely used low
energy building design standards.37,40 The minimum air
flowrate for Passivhaus dwellings is 30m3/h/person.41

Table 1 compares eight single-room MVHR units,
where the mean averages can be used as a general idea
of MVHR capabilities. Generally, efficiencies are above
80%, with the highest efficiency at 95%. The mean
average power required to maintain an airflow of
30m3/h is 8.1W, therefore, a power consumption of
approximately 10W can be assumed to allow for power
losses. However, the prices found on manufacturer
websites range from £240 to £515 per MVHR unit,42,43

hence, there is currently significant cost to this

technology. Although, it is worth noting that this is
retail cost, and includes technology such as Wi-Fi con-
trol, humidity sensing and timers for intermittent
extraction which will not be of use in automotive
applications.

The purpose of this paper is to find the potential
energy consumption savings from an automotive
MVHR HVAC system and the resulting EV range ben-
efits at vehicle certification conditions and varying real-
world ambient temperatures. This paper will detail the
MATLAB Simulink model built to analyse the energy
consumption; the verification and validation of the
model; the vehicle road load model used for analysis
and all of the results gathered.

Modelling

Figure 2 shows how a typical MVHR system could be
integrated into an automotive HVAC system. Ambient
air passes through the MVHR unit and then the heater/
cooler, before entering the cabin. This ensures that the
air entering the cabin is the correct temperature, which
is important as changes in inflow air temperature must
be minimised to avoid passenger discomfort. To pre-
vent cabin pressurisation, the input and output flow-
rates are maintained equal. A recirculation feedback
loop of cabin air is used to enable rapid and efficient

Figure 1. Sankey diagram showing energy distribution of EV on
UDDS drive cycle at 26�C, data from Hayes and Davis.22

Table 1. Current MVHR heat exchanger specifications.

Maximum
efficiency (%)

Power for
30 m3/h (W)

Weight
(kg)

VENTO EXPERT44 81 4.4 –
Lo-Carbon Tempra45 78 5.7 –
ECOCOMFORT46 90 6.6 –
Solitair47 . 83 12 5
Muro XHRM47 83 9 4
SLIMLINE 15048 88 10 –
SLIMLINE 30048 92 7 –
MRXBOXAB-ECO449 95 10 –
Mean average 86.3 8.1 4.5
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achievement of the setpoint by heating the cabin air as
well as the fresh air; and a bypass is used for atypical
cases when the cabin air temperature is further from
the setpoint than ambient temperature – such as when
a vehicle emerges from indoor storage facilities. One
potential issue of this design is stale air from the recir-
culation loop; however, choosing an appropriate mini-
mum fresh air flowrate into the cabin ( _m1) will mitigate
this.

Each temperature (other than the input T1 and unre-
quired T6) and the mass flowrates from Figure 2 are
represented by Simulink subsystems, with all dependent
and independent parameters/variables (Table 2) coded
in a MATLAB script. For simplicity rair and Cp:air have
been assumed constant as any changes due to tempera-
ture are insignificant.

The cabin has one incoming airstream – fresh air
that has passed through the MVHR and heater/cooler
– and two outgoing streams – one for recirculation and
one exiting the vehicle (Figure 2). Hence the net power
can be found using equation (1); where power is used
rather than heat current ( _Q) to correlate with electric
heater/cooler power consumption and the output
_m1 + _m2 = _m3 to avoid cabin pressurisation.

Pnet=(T43Cp:air3 _m3)� (T53Cp:air3 _m3) ð1Þ

The total thermal energy of the cabin’s air volume is:

Ecabin =

ð
Pnet ð2Þ

Which has the initial condition:

Einitial=mair3Cp:air3Tinitial ð3Þ

Rearranging the same energy equation, then finds the
cabin air temperature:

E=m3Cp3T! T=
Ecabin

Cp:air3mair
ð4Þ

Moreover, by definition, mair can be written as equation
(5), rair is set to 1.225 kg/m3 (15�C, 1 atm).

mair= rair3Vcabin ð5Þ

The heater/cooler unit needs to deliver power to the air
going through it into the cabin to change the cabin air
temperature to meet the setpoint temperature. First the
error between the cabin temperature and setpoint is cal-
culated, this feeds into a PID controller to compute the
power requirement. The 10W MVHR power consump-
tion (from Table 1, including losses) is added and then
the power is integrated to find the energy consumption,
where 5% losses are included.

A basic means of controlling the flowrate is needed
to maintain the minimum air refresh rate and give the
heater/cooler the opportunity to control the cabin vol-
ume. Hence, the mass flowrate was proportionally
related to the heater/cooler power, that is, when the
cabin temperature to setpoint error is high, the heater
cooler power (P) and the mass flowrate to the cabin
( _m3) are high, and when the error is low, P and _m3 are
low. Moreover, the air flowrate through the MVHR
unit will be the minimum air flowrate to the cabin ( _m1).

Figure 2. Schematic of MVHR HVAC system.

Table 2. System parameters.

Parameter Symbol Value

Goal temperature Kð Þ TGoal 295.15

Specific heat capacity of air J
kg �K

� �
Cp:air 1002

Maximum mass airflow rate kg
s

� �
_mmax 0:1 _3

Cabin volume� m3
� �

Vcabin 3.613

Air density kg
m3

� �
rair 1.225

Maximum heater power�� kWð Þ PH:Max 4 (7)
Maximum cooler power�� kWð Þ PC:Max 3 (5)
Heater efficiency %ð Þ hH 0.9
Cooler efficiency %ð Þ hC 0.75
Number of occupants� nppl 5

Passivhaus standard
m3 � nppl

h

� �
SP:haus 30

�
Unless specified otherwise.
��

HVAC system without MVHR.
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In this case, the Passivhaus air quality standard (SP:haus)
has been selected as this is a healthy air refresh rate used
in buildings, and no automotive air quality standard
was found in the literature review. Therefore, _m1 can be
written as:

_m1 = (SP:haus � rair � nppl)
�
3600 ð6Þ

Hence, as _m3 cannot be below _m1, it can be written as:

_m3 =max
P=Pmax

� �
� _mmax

_m1

" #
ð7Þ

Where equation (8) holds to avoid cabin pressurisation,
as stated in the Schematic section.

_m3 = _m1 + _m2 ð8Þ

MVHR units transfer the heat between the input ambi-
ent air (T1) and the extracted cabin air (T5); during
heating, heat is transferred to T1, and during cooling,
heat is transferred away from T1. Where typical
MVHR efficiencies (hMVHR) from building applications
have been used to explore the potential automotive
application savings, as no automotive MVHR system
currently exists (literature gap found). Hence, the tem-
perature of the air leaving the MVHR unit (T2) can be
written as:

T2 = T5 � T1ð Þ �hMVHR½ �+T1 ð9Þ

To maximise efficiency, whenever T1 is closer to the
setpoint than T5, T1 will bypass the MVHR unit. This
ensures that no detrimental heat transfer occurs in the
MVHR unit.

After the MVHR unit, cabin air (T5) is recirculated
through the feedback loop to join T2 prior to the hea-
ter/cooler. As the air flowrates – _m1 from the MVHR
unit, and _m2 from the feedback loop – must add up to
_m3 to avoid cabin pressurisation, both air flowrates can
be written as fractions of _m3. These fractions can then
be used to calculate the resulting temperature of the air
going into the heater/cooler (T3) using equation (10).

T3 =
_m1

_m3

� �
�T2 + 1� _m2

_m3

� �
�T5 ð10Þ

As the industry sponsors’ vehicle does not use air recir-
culation, when the MVHR efficiency is set to zero – that
is, there is no MVHR system –T3 is set to equal T2.

Once the air enters the heater/cooler, the power
requirement from the heater/cooler (calculated using a
PID controller as discussed previously) is used to calcu-
late the temperature of the air going into the cabin
(T4). First the difference in temperature resulting from
the heater/cooler power is calculated using the

definition of specific heat, this is then multiplied by the
heater/cooler efficiency and then added to T3:

T4 = P
�
( _m3 �Cp:air)

h i
�hH=C +T3 ð11Þ

Where the subscript H/C represents heater or cooler –
as different efficiencies have been used for the two sys-
tems (90%50 and 75% assumed, respectively).

This completes the model description, from this
point the calculations cycle back to the T5 subsystem
and repeat continuously for the time specified with a
MATLAB Simulink automatic fixed-step solver and
time-base.

To analyse any potential benefits of the MVHR
HVAC system, the energy consumption results from
the MATLAB Simulink model must be converted into
vehicle savings to calculate EV range savings. The
method chosen for this is a vehicle road load model –
chosen for its simplicity and readily available equa-
tions. When at constant speed, a vehicle is subjected to
tractive resistance – resistance to motion. This consists
of aerodynamic resistance, rolling resistance and incline
resistance. When accelerating, there is an acceleration
force moving the vehicle forwards. The equations for
these forces form the road load model and can be used
to calculate vehicle power and energy requirements.
The model’s algorithm is shown in Table 3, the test sce-
nario for the investigations undertaken here is the
WLTP drive-cycle,51 but this could be modified to fol-
low any pre-defined speed/time profile.

The model begins with the time and vehicle speed (v)
from the WLTP drive-cycle.51 The incline (u) is set to
zero,51 and the model is configured with parameters to
define the vehicle characteristics and ambient conditions:
gravity (g=9:81m/s2), air density (r=1:225 kg/m3), vehi-
cle frontal area (A), vehicle mass (m), mass factor
(fm =1:05) – a simplification accounting for rotational
inertia, drag coefficient (Cd) and rolling coefficient
(Cr =0:01). Where the values included in brackets are
typical values,52 and any others use the industry sponsors
vehicle parameters.53 When calculating vehicle results
with an MVHR system, the additional vehicle weight has
been estimated as 3kg – a 4kg MVHR HVAC system
and 1kg of heater/cooler weight savings (assuming

Table 3. Algorithm used for vehicle road load model.

Vehicle parameter Equation No.

Acceleration m=s2
� �

a = Dv (12)

Acceleration force Nð Þ Fa = m � fm � a (13)
Aerodynamic force Nð Þ Fd = 0:5 � r � Cd � A � v2 (14)
Rolling resistance force Nð Þ Fr = m � g � Cr � cos (u) (15)
Incline force Nð Þ Fi = m � g � sin (u) (16)
Total force Nð Þ FTotal = Fa + Fd + Fr + Fi (17)
Total power kWð Þ PTotal = FTotal � v (18)
Total energy kWhð Þ ETotal = SPTotal=3600 (19)
Distance kmð Þ d = Sv=1000 (20)
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proportional weight to power savings). Full use of regen-
erative braking is also included to be representative of
the industry sponsors’ vehicles Cat B regenerative brak-
ing system.54

For model analysis, energy consumption and EV
range savings have been calculated. Percentage energy
savings have been found using equation (21).

E%s = 1� EMVHR:h

Ebase

� �
3100 ð21Þ

Where EMVHR:h represents the energy consumption of
each MVHR efficiency (70%� 100%) at each tempera-
ture (�208C� +408C); and Ebase represents the energy
consumption of the baseline system without MVHR at
each temperature.

Percentage EV range increases have been found
using equations (22)–(25) in Table 4. Where ebase is the
baseline vehicle energy requirement; d is the WLTP
drive-cycle distance; Rcert: is the certified industry vehi-
cle range; Ebase:15 is the baseline HVAC energy con-
sumption at 15�C; EMVHR:h is the HVAC energy
consumption for each MVHR efficiency and tempera-
ture and eMVHR is the vehicle energy requirement with
the additional MVHR system weight. The range has
been calculated by adding the HVAC energy

consumption savings to the theoretical baseline energy
storage – as HVAC losses have been recovered – divid-
ing by the total vehicle energy requirement to find the
available traction energy, and then multiplying this by
the WLTP cycle distance to find the range. The HVAC
energy consumption of the baseline system at 15�C is
used as this is the closest temperature analysed to the
14�C used in WLTP testing.55

The PID controller was manually tuned to meet the
target performance – where maximum targets of one
oscillation and 6min to setpoint have been set. This
aligns with the attribute targets and typical perfor-
mance of the industry sponsors’ vehicle.

To verify the model, component and system level
tests were undertaken. Component testing explored typ-
ical and boundary cases for each significant portion of
model functionality and system testing involved regres-
sion testing of existing functionality and new features as
they were added.

The model was validated against the baseline perfor-
mance data provided by the industry sponsor, the results
and modelling inaccuracy are shown in Figure 3, where
the model results begin to deviate at extreme tempera-
tures. This is likely due to the differences in minimum
air flowrate into the cabin as well as simplified losses
and parameters. However, generally, the energy con-
sumptions follow a similar trend; hence, for a simple
model applied to proof-of-concept study, it shows an
appropriate fit to the data. Therefore, the model can be
deemed as valid for this project.

Results

A range of temperatures (�208C� +408C) and
MVHR efficiencies (70%� 100%) have been used to
enable full analysis of the potential benefits of an
MVHR HVAC system, allowing for a baseline MVHR
efficiency target to be chosen. The setpoint used is
22�C to be representative of the industry sponsors

Figure 3. Comparing the energy consumption between the model and the industry sponsors data.56

Table 4. Model analysis equations.

Analysis parameters Analysis equations No.

Theoretical baseline
ES (kWh)

ESbase = ebase

d 3Rcert: (22)

MVHR range across
temperatures (miles)

RMVHR:h =
d ESbase + Ebase:15�EMVHR:hð Þð Þ

eMVHR

(23)

Baseline range across
temperatures (miles)

Rbase = d ESbase + Ebase:15�Ebaseð Þð Þ
ebase

(24)

Percentage range
increase (%)

R%inc =
RMVHR:h

Rbase
� 1

� �
3100 (25)
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vehicle,57 and the general parameters used – unless oth-
erwise specified – are a cabin volume of 3.613m3, and
five cabin occupants. An MVHR efficiency of 80% will
also be independently explored further as this was
achievable in the domestic case (Table 1). 3.613m3 has
been used as this is the industry sponsors vehicles cabin
volume; and five occupants are used as the industry
sponsors vehicle has five seats, and the airflow does not
change in relation to the number of occupants (for ade-
quate airflow in all circumstances, this must be for the
case of maximum occupants).57 Therefore, the general
savings shown are the baseline ‘worst-case’ savings – if
sensors are used to detect passengers (e.g. seatbelt
detection sensors or CO2 sensors) then the airflow rate
could be minimised per number of occupants, reducing
the power and energy consumption further. The base-
line system that the model results are compared against
are the general HVAC system without MVHR, with a
7 kW heater capability, 5 kW cooler capability and five
occupants. Simulations have been run for 30min –
simulating the time of a WLTP drive-cycle, which
aligned with performance measurements in a vehicle
certification and type approval process.

When comparing the ‘time to setpoint’ for a range
of heater/cooler powers over the temperature range,
the MVHR systems can maintain the baselines time to
setpoint, other than in extreme temperatures (220�C
and 50�C) where it is slightly increased. The maximum
power capability for the heater/cooler with the MVHR
HVAC system can also be reduced from 7kW/5 kW to
4 kW/3 kW without detriment. Figure 4 shows the
steady state power savings over the temperature range
for the MVHR efficiencies selected; where the steady
state power consumption of the HVAC system occurs
after the cabin reaches the setpoint temperature. Low
stable power consumption becomes increasingly impor-
tant with longer journeys – where the initial power boost
to get the temperature to setpoint becomes insignificant.

The percentage savings are broadly proportional with
increasing MVHR efficiency. The change between heat-
ing and cooling is seen as the efficiency of the heater ele-
ment and cooling system differ – with the heater element
set at 90% efficiency and cooling system set at 75% effi-
ciency. Therefore, at higher MVHR efficiencies, lower
heater/cooler efficiencies have less effect on the overall
power consumption (the two lines merge) and hence,
cheaper heating/cooling systems could be used.

Figure 5 compares the HVAC energy consumption
savings of the different MVHR efficiencies – compared
with the baseline case over 1800 s (the WLTP drive-
cycle time); where higher MVHR efficiencies lead to
greater energy savings over the whole temperature
range. The savings slightly dip in mild ambient tem-
peratures because less HVAC energy is consumed in
mild temperatures, and there is less variation between
cabin setpoint and ambient temperature, hence, less
savings are made. However, even in these conditions
savings of up to 93% are made – benefits are seen in all
climates. It is also worth noting the previously men-
tioned achievability of 80%–95+% MVHR efficiency
which show minimum energy consumption savings of
74% compared to the baseline system. However, if
cost/space saving becomes a priority, the 70% efficient
MVHR still gives a 65%–66% reduction in HVAC
energy consumption.

This section will quantify the benefits resulting from
the reductions in power and energy consumption dis-
cussed above. The energy consumption data has been
inputted into a road load model to find the associated
range benefits over the WLTP test cycle. An estimated
weight of the total system (4 kg), minus an estimated
1 kg from the heater/cooler power requirement reduc-
tions, has been added to the overall vehicle weight for
these cases. A reduction of 1 kg has been estimated by
assuming the heater/cooler power is proportional to its
weight – hence, power reductions have been ‘converted’

Figure 4. Stabilised power consumption savings for heating and cooling against the baseline case.
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to weight savings. Range savings have also been com-
pared to the industry sponsors’ vehicles WLTP certified
EV range.53

The industry sponsors’ vehicle is a PHEV with a 24-
mile range, all savings found should scale for a full EV.
Figure 6(a) compares the range benefits from different

MVHR efficiencies, where the 0% efficient MVHR sys-
tem represents the baseline system without MVHR.
The figure shows the baseline system to have large
drops in range at extreme temperatures – with the larg-
est drop of 14.8% at 220�C, where MVHR systems
show range increases of up to 20%. In mild

Figure 5. Energy consumption percentage savings comparison of MVHR efficiencies against the baseline case.

Figure 6. Comparing MVHR EV ranges (a) and mean EV ranges (b) to the certified value.

Champion et al. 7



temperatures (15�C) these savings reduce to 2.8%,
hence, although reduced in mild temperatures, there
are benefits in all climates. Moreover, the lowest
expected MVHR efficiency of 80% – from Table 1–
has a maximum decrease of 1.25% across the full range
of ambient temperatures in comparison to the 14�C
ambient condition certified range of WLTP. The figure
also shows that MVHR systems have increasingly more
‘stable’ ranges, that is, less variation from the certified
range. From 90% efficiency, the MVHR system does
not drop below the certified range regardless of tem-
perature, hence, the range becomes almost independent
of ambient temperature. This ‘stable’ consumption
enables more accurate EV range prediction in all cli-
mates, which corresponds with a reduction in driver
range anxiety.

Figure 6(b) shows that the mean average range
results are approximately linear; moreover, 80+%
MVHR efficiency is required for the mean range to sur-
pass the certified range. This suggests that the mini-
mum efficiency for the MVHR system – to reap the
best benefits – should be 80%.

Figure 7 shows the HVAC energy consumption sav-
ings comparison for cabin volume and number of occu-
pants against the baseline case. These can be used to
analyse what vehicle types are most suited for the
MVHR technology. From Figure 7(a), smaller vehicle
cabins generally give the largest energy consumption
savings – likely due to the greater cabin energy losses in
larger vehicles. There is a maximum difference of
approximately 2.5% in savings between the vehicle
cabin sizes selected – which range from 2.0 to 4.4m3

(depicting small to large cabins). Hence, although
larger vehicles may see lower results, their overall sav-
ings are still high. Moreover, all other results have used
a 3.613m3 cabin volume, hence, most vehicle HVAC
savings will be greater than those presented. From
Figure 7(b), fewer occupants give larger energy con-
sumption savings – less fresh air is required in the cabin
for adequate air quality (where the Passivhaus standard
has been used in this case). This shows that the most
efficient HVAC systems will be in vehicles that seat
fewer passengers. It also shows that the greatest savings
can be made if passenger detection or CO2 sensors are

(a)

(b)

Figure 7. Comparison of HVAC energy consumption savings for different cabin volumes (a) and different numbers of occupants and
(b) against the baseline case.
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incorporated into the HVAC system to adjust the fresh
air flowrate into the cabin. This minimises the fresh air
into the cabin, saving up to 15% more energy in a five-
seater vehicle – this will increase with the number of
seats in the vehicle, giving greater benefit for people
carriers, minibuses, etc. Furthermore, in both cases, an
MVHR efficiency of 80% has been used, so savings will
also be increased if a more efficient system is used.

Conclusion

Results have shown that HVAC energy consumption
savings of 74.3%–94.9% are achievable with MVHR
HVAC systems as opposed to the mean average stated
automotive energy consumption savings of 38.9% from
heat pumps – currently the most popular alternative
HVAC system used in EVs. Therefore, improvements
of at least 35.4% can be expected over a heat pump sys-
tem, and 74.3% over a PTC system. This shows a clear
advancement in HVAC consumption savings.

The calculated EV range improvements from these
consumption savings are also significant – with a mean
average of 8.8%–11.0% range savings over the baseline
case without MVHR, and 0.5%–2.5% range savings
over the industry sponsor’s vehicle’s range under certifi-
cation conditions. Generally, more extreme tempera-
tures result in higher savings; however, savings are still
found in mild ambient temperatures. Hence, MVHR
systems will be beneficial for EV range in all climates.
Moreover, as the EV range becomes more independent
to ambient temperature, the certified EV range becomes
more accurate as well as being extended; so, EV range
anxiety will reduce. This will also impact all climates as
EV drivers will not be as restricted in travel outside of
their local area/climate.
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10. González Ortiz A, Guerreiro C and Soares J. Air quality

in Europe – 2020 report, https://www.eea.europa.eu/pub

lications/air-quality-in-europe-2020-report (2020, accessed

2 March 2021).
11. Rosenfeld DC, Lindorfer J and Fazeni-Fraisl K. Com-

parison of advanced fuels—which technology can win

from the life cycle perspective? J Cleaner Prod 2019; 238:

11789.
12. Montoya Sánchez de Pablo J, Miravalles López M and
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