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Abstract: We propose a new management strategy for engines equipped with automatic transmissions
based on the damage to human health caused by emissions. The damage to human health is
quantified by the years of life lost in a population due to disability or early death caused by exposure
to pollutants. Various engine emissions share a common factor: damage to human health. Our
strategy aims to keep engines running along the line of minimum damage instead of focusing on
minimal fuel consumption. We applied the minimum damage strategy to the powertrain of a light
vehicle to evaluate its effectiveness. In this work, we discuss this strategy’s effects on continuous
variable transmission and seven gears automatic transmission and compare the classic minimum
fuel consumption strategy to the minimum damage strategy. The latter results in a 50% reduction
in damage compared with the minimum consumption strategy at the expense of an 8% increase in
fuel consumption.

Keywords: minimum health damage strategy; emissions optimal control; unified emissions evaluation;
DALY; CVT powertrains

1. Introduction

Regulations to limit vehicular emissions, enforced since the 1990s, have led to a conti-
nuous evolution of thermal engines and a consequent reduction in harmful emissions.

The regulated emissions for diesel and gasoline engines are the well-known CO, HC,
NOX, and PM. The first two are the result of incomplete oxidation, while the third one
arises mainly at high temperatures in the presence of an excess of oxygen. CO is toxic to
humans because it hinders the transport of oxygen in the blood; the term HC includes
a large variety of hydrocarbons, some of which are carcinogenic (benzene, some polycyclic
aromatic hydrocarbons such as benzo(a)pyrene and dibenzo(a,l)pyrene). Nitrogen oxides
cause respiratory diseases; they can combine with some HC to form O3. PM is mainly
released by the diesel engine and is made up of carbonaceous particles coated with high
molecular mass organic compounds. It penetrates deeper into the lungs the smaller its size.
It causes lung diseases and is classified as a carcinogen.

The IARC [1] has recently classified diesel exhausts as belonging to Group 1, that is,
carcinogenic to humans.

However, emission reduction can also be achieved through engine management,
when allowed by the transmission, such as in vehicles equipped with CVT (continuously
variable transmission), or by the degree of freedom allowed by a second energy source,
such as in electric or hydraulic hybrid vehicles, and on a smaller scale, stepped automatic
transmissions. In these cases, the powertrain control strategy plays a fundamental role.

There are many different energy management strategies for these vehicles in the
literature. They can be divided into two groups: rule-based strategies and optimization-
based strategies [2,3]. The strategies of the first group are designed based on heuristic
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considerations, human experience, and mathematical models without a priori knowledge
of the driving cycle [4–8]. In particular, for powertrains equipped with CVT, the criteria
used are based on predetermined load curves that the control system requires the engine to
follow [9–11].

The simplest strategy is the speed envelope criterion, which is based on two curves
that link the vehicle speed to the engine speed at two limit situations: overrun and strong
acceleration, where the accelerator’s position is close to zero and the maximum value,
respectively. The fuel economy of a vehicle can be improved by choosing a relatively low
engine speed at cruising conditions.

The single-track criterion follows the minimum consumption curve faithfully and
rapidly during transients. One of its variants envisages reaching the new static operating
state by following curves that define two different driving modes: the economy and
performance mode [9].

The rules-based strategies are easy to implement through lookup tables and guarantee
optimal local management, but not optimal global management, i.e., extended over long
periods [2,3].

However, these criteria do not consider emissions in any way except as a consequence
of reducing consumption.

The control strategies of the second group derive from the optimization process
of an objective function, which can be the fuel consumption, emissions, or a combina-
tion of both [2,3]. These methods are applied not only to hybrid electric [12–14] and
hydraulic [15] vehicles but also to vehicles with traditional powertrains; this was the case
for Masih-Tehrani et al. [16], who searched for the minimum cost function through genetic
algorithms. In the cost function, each emission is multiplied by a normalization coefficient
that is inversely proportional to the limit value of the emission and by a weight factor
obtained by trial and error until the process reaches satisfactory values. On the other hand,
Kazemi et al. [17] identified the strategy for managing minimum consumption and related
control rules based on optimal control.

In the optimization strategies, the emissions are counted within the objective function
together with the fuel consumption and the batteries’ state-of-charge [2,3]:

Objective Function = α × f + β × em + γ × SOC (1)

where f, em, and SOC are, in general terms, the fuel consumption, the emissions, and
the state-of-charge for the batteries, respectively; α, β, and γ are the relative weights,
which can be varied to identify optimal management strategies and conditions for optimal
Pareto [15,18,19].

The emissions, in turn, are expressed in various ways.
Hu et al. [20] and Tang et al. [21] considered the term em as the sum of the individual

emissions mass. In this way, however, all emissions are considered equally dangerous,
while some are known to be more dangerous than others.

The term em also represents the sum of the emission values multiplied by weights
derived from standard limits [15,16] or subjective criteria that designate more dangerous
emissions as more important. There is a certain degree of arbitrariness in this case because
the standard limits are linked to the dangerousness of the emissions and the abatement
technologies available.

Thibault [22], on the other end, considered the term em represented only by NOX
because these compounds are the most dangerous. However, this choice can be reductive
when applied as it tends to exclude other dangerous emissions, such as HC or PM, which
are particularly important to diesel engines.

The works of Zentner [23] and Nuesch [24] are two particular cases. In the first case,
the authors aimed to reduce CO2 during vehicle operation and transform CO2 minimiza-
tion into an unconstrained problem whose objective function is the sum of CO2 emissions
and other harmful emissions multiplied by the weights. These weights can be interpreted
as equivalence factors that transform the problem into a minimization of the equivalent
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CO2. The values of the equivalence factors are identified through a procedure based on
the Hamilton–Jacobi–Bellman (HJB) equation. The authors simplified some hypotheses, in-
creasing the suitability of this procedure for onboard applications. The second case follows
the same mathematical approach as the previous one and searches for fuel minimization
strategies following reference trajectories for NOX emissions and the batteries’ state of
charge [24].

In summary, since there are many emissions with different natures and dangerousness,
their treatment within an objective function is complicated. In other words, there is
no univocal criterion for assessing emissions that allows them to be treated as a whole,
similarly to what happens for fuel consumption. However, if emissions could all be linked
by a common element, defining that criterion would be a simple step.

Babcock [25], dealing with the problem of estimating total air pollution, moved in this
direction using the air pollution index called Pindex. He converted the concentration of
each emission into a single parameter through specific tolerance factors derived from the
air standards.

The innovative proposal suggested here considers damage to human health as a common
basis of all emissions. The damage to human health is quantified by the average number of
years of life lost by a population due to disability or premature death caused by exposure
to pollutants [26]. Damage is a more significant parameter than the mass value of each
individual emission because it provides an immediate assessment of the danger for all
emissions through a single number.

Therefore, the emissions within the objective functions, previously called em, can
be replaced by the damage produced by a single emission or by the sum of the damages
for all emissions involved, depending on the problem. This solution is possible for all
optimization problems leading to both rule- and optimization-based control strategies.

For the former, damage as a substitute for emissions appears to be a particularly
advantageous tool since it allows to define the management strategy for minimum damage
as similar to that of the single-track type’s minimum fuel consumption [7,9].

The damage to human health as a substitute for individual emissions could form the
basis for a future change in emission limit rules. In this case, the minimum damage strategy
would help the action of the aftertreatment system to remain within the limits.

However, the minimum damage strategy could lead to excessive consumption, which
would reduce the applicability of this type of management. Therefore, it is necessary to
verify the effectiveness of the minimum damage strategy, i.e., if it involves a significant
reduction in damage without excessive increases in consumption or if these reductions are
small and lead to unacceptable increases in consumption.

The verification described in this work was conducted by comparing the perfor-
mance of a light vehicle equipped with a powertrain with CVT and an automatic transmis-
sion powertrain. Both powertrains were managed according to minimum consumption
and minimum damage strategies. The traditional gear-shifted powertrains were held as
a benchmark.

The work will develop as follows: in Section 2, after the presentation of the method
for calculating the damage caused by emissions, the management criteria for minimum
consumption and minimum emissions will be defined and applied to some powertrains
of a light vehicle; finally, in Section 3, the results are discussed, and some conclusions
are drawn.

2. Materials and Methods
2.1. Assessment of Human Health Damage Due to Engine Emissions

Exposure to air pollutants reduces life expectancy caused by the onset of severe
diseases of the respiratory and cardiovascular systems. This reduction can be quantified
using the DALY quantity, which expresses, for a defined population, the years of life lost
due to early death or disability caused by disease [25]. In the following analyses, the
European Union population will be considered. The assessment of the damage to human
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health will be conducted through the Health Impact Assessment (HIA) [27], a procedure
based on the IMPACT 2002+ Life Cycle Impact Assessment methodology (LCIA) [26,28].
Through appropriate conversion factors of medical origin, the LCIA directly quantifies the
impact that each individual substance released into the environment has not only on human
health but also on the environment and climate change. The LCIA procedure consists of
the four steps represented in Figure 1 [29].
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Figure 1. Structure of an LCIA procedure (adapted from [29]).

In the first step (“inventory”), an inventory of emissions released into the environment
by an engine or by any thermal machine is built up. The second step (“characterization”)
assigns each emission to the relevant impact categories and transforms it into an equivalent
emission of a substance taken as reference. The third step (“damage assessment”) evaluates
the damage caused by each equivalent emission in DALY units. In the last step, called
“normalization”, the outcomes of the four damage categories are normalized by means of
appropriate coefficients and summed up in a single value.

Since the HIA evaluates the impact of emissions on human health, the impact cate-
gories considered in the second phase of Figure 1 are only those related to human health,
i.e., the first six, and the whole procedure stops at the third step.

The damage to health or D, caused by a substance released into the environment is
provided by the product of the emitted substance’ mass, m, by the characterization factor
cf, expressed in kg of equivalent substance for each kg of a substance emitted, and by the
specific damage or sd, expressed as damage caused by the unit of mass of the equivalent
substance [26,27].

D = m·c f ·sd
[

kg·
kgeq

kg
·DALY

kgeq
→ DALY

]
(2)

In general, the damage to health caused by n substances emitted will be [26,27]:

Dtot = ∑m
j=1

(
∑n

i=1

(
mi,jc fi,j

))
sdj[DALY] (3)

where mi,j [kg] and cfi,j [kgref/kg] are the mass, and the characterization factor of the i-
th substance belonging to the j-th impact category, respectively; sdj [DALY/kgref] is the
specific damage for the j-th impact category.

Table 1 shows the cf and sd values for the engine regulated emissions, which are CO,
NOX, PM, and HC. The first three emissions belong to the respiratory inorganics category,
and the fourth, the HCs, to the respiratory organics category. It should be noted that for
engines, unburned hydrocarbons are quantitatively comparable to VOCs.
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Table 1. Values of the coefficients for the damage calculation according to HIA [29].

Emission cf unit sd unit

CO 1.04 × 10−3 kg PM2.5 eq/kg 7.00 × 10−4 DALY/kg PM2.5 eq

NOx 1.27 × 10−1 kg PM2.5 eq/kg 7.00 × 10−4 DALY/kg PM2.5 eq

PM2.5 1 kg PM2.5 eq/kg 7.00 × 10−4 DALY/kg PM2.5 eq

VOCs 6.07 × 10−1 kg C2H4 eq/kg 2.13 × 10−6 DALY/kg C2H4 eq

2.2. Engine Management at Minimum Damage Conditions

In the engine map, given a generic quantity x = f (M, n) (where M is the engine torque,
and n the engine speed), the set of minimum points for quantity x can be expressed as
follows [7]:

ω|x, min = f
(

P|x,min

)
(4)

where the power P varies between the minimum and maximum powers of the engine map.
If the quantity x is the BSFC (Brake-Specific Fuel Consumption), the previous line

is the optimal operating line (OOL). Pfiffner [7] suggested that OOL is the basis of the
control system, which forces the engine to produce the required power at the minimum
fuel consumption speed, as shown in Figure 2.
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If x means the four regulated emissions, the minimum emission line for each can be
identified. However, these lines are different since they refer to different compounds and
with different genesis. In fact, CO, HC, and PM result from incomplete oxidation, whereas
NOX results from excessive oxidation and is mainly favored by high temperatures. This
fact prevents a single curve of minimum emissions from being imposed on the engine,
similar to what has been seen for OOL.

However, the four emissions can be unified by the concept of damage: each emission
is associated with the damage it produces (rewritten from Equation (3)):

D(M, n) = m(M, n)·c f ·sd (5)

and the total damage is the sum of the damage produced by each emission:

Dtot(M, n) = ∑ D(M, n) (6)

The minimum total damage line can be identified and used as a target for the engine
control system for a low-emission operation, or a trade-off operation between fuel economy
and emissions.

The total damage could also be used at the engine calibration level, in order to prioritize
the damage or any other trade-off condition considered interesting.
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2.3. Application of the Minimum Damage Management Criterion to a Passenger Vehicle

This section will evaluate the effectiveness of the minimum damage criterion in
reducing the emissions of an engine during on-road operation. The evaluation will be
conducted by comparing the performance of the mathematical model of a compact SUV
equipped with the following powertrains:

- Diesel engine with automatic transmission managed according to the minimum con-
sumption strategy (hereinafter referred to as AUT-C), the minimum damage strategy
(AUT-D), and, for a fair comparison, the manual gear shift strategy (AUT-M);

- Diesel engine with continuous transmission managed according to the minimum
consumption strategy (hereinafter referred to as CVT-C) and the minimum damage
strategy (CVT_D);

- Reference powertrain: diesel engine with traditional 6-speed transmission (hereinafter
referred to as 6SG).

It is worth underlining that the models of these powertrains are necessarily simplified,
because their purpose is not simulation of a real-world application, but only the comparison
between the emissions and the damage of different powertrains in order to highlight the
behavior of the minimum damage criterion.

2.3.1. Vehicle Model

The main vehicle data are shown in Table 2.

Table 2. Main data of the vehicle.

Vehicle mass = 2500 kg.

Wheel radius = 0.35 m

Transmission ratio of the differential gear = 4

Frontal area of the vehicle = 3 m2

Air density = 1.2 kg/m3

Wheel road friction coefficient = 0.01

Drag coefficient = 0.6

The engine is a 1.9 L turbodiesel, 4 cylinders, 108 kW at 3900 rpm, EURO IV, whose
map is shown in Figure 3 (the engine data were kindly provided by Institute of Sciences
and Technologies for Sustainable Energy and Mobility (STEMS) of the National Research
Council (via Guglielmo Marconi, 4, 80125, Napoli, Italy)). The iso-BSFC and the minimum
BSFC line are reported in the same figure. The latter was identified according to the
procedure of Section 2.

Figure 4 shows on the engine map the four regulated emissions, CO, HC, PM, and
NOX, measured after the catalytic converter. The iso-level curves and curve of minimum
emission were calculated for each emission according to the procedure of Section 2. The
curves of minimum damage of each of the four emissions coincide with the curves of
minimum emission since there is only a constant proportionality between the emission and
damage values. For this reason, the former are not shown in Figure 4.

Finally, Figure 5 shows the iso-level curve of the total damage, calculated as the
sum of the damage associated with individual emissions, and the curve of the minimum
total damage.

It is worth remembering that the shape of the iso-level lines is related to the engine
calibration. For this engine, while the CO, HC, and PM curves are close to each other, the
NOX curve is lower than these (Figure 4d). Furthermore, the minimum total damage and
the minimum NOX damage curves are not very far from one other; therefore, the damage
caused by NOX is much greater than that caused by the other three emissions. This finding
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is not so much due to the NOX characterization factor, which is 0.127 versus 1 for PM
(Table 1), but to the engine’s greater amount of produced NOX.
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2.3.2. Transmission Modeling and Simulations

The baseline 6 step gear (6SG) was simulated assuming the gear ratios of 13.9, 7.2, 4.6,
3.6, 2.5, and 2.1, including the axle ratio (from Seat Ateca 85 kW [30]). The overall efficiency
of 0.9 was assumed for the whole driveline.

The gear ratios for the AUT driveline, including the axle gear, are 16.0, 9.1, 7.5, 2.9,
3.0, 2.4, and 2.5 (from Seat Ateca DSG 110 kW [30]). The same average efficiency of the
manual 6GS was assumed, equal to 0.9. The CVT driveline was supposed to be infinitely
variable, such as the hydro-mechanical transmission or a chain belt CVT coupled with
a torque converter with lock-up. The efficiency was then lowered to 0.8, considering the
higher losses of these systems compared with mechanical gears.

The power request for a given mission instant P is obtained considering the inertial,
drag, and rolling loads according to the values presented in Table 2.

Given the vehicle speed v, wheel radius rwheel, and loads, the ICE working point was
computed according to the actual gear box ratio τ, the differential gear ratio τdiff, and the
transmission average efficiency η [31]:

n =
30
π

τ·τdi f f
v

rwheel
(7)

M =
1

τ·τdi f f

P rwheel
η v

(8)

The 6SG shifts were defined based on the actual engine speed assuming a maximum
engine speed of 3000 rpm and a minimum of 1000 rpm, whereas the AUT and the CVT
transmission were controlled to follow the minimum fuel consumption (-C) or health dam-
age (-D). Whereas the CVT can precisely follow the optimum curve defined in Equation (4),
the AUT driveline can only approximate this line by choosing one of the available gear
ratios. The gear change was then set to adopt the gear realizing the minimum difference
between the actual ICE speed and target value.

All numerical models were subjected to the standard WLTC cycle, which comprises
four different segments, as shown in Table 3 [32].



Energies 2022, 15, 4386 9 of 14

Table 3. WLTC Class 3b (v_max ≥ 120 km/h) [32].

Phase Duration Stop Duration Distance p_stop v_max v_ave w/o stops v_ave w/stops a_min a_max

s s m km/h km/h km/h m/s2 m/s2

Low 3 589 156 3095 26.5% 56.5 25.7 18.9 −1.47 1.47

Medium 3-2 433 48 4756 11.1% 76.6 44.5 39.5 −1.49 1.57

High 3-2 455 31 7162 6.8% 97.4 60.8 56.7 −1.49 1.58

Extra-High 3 323 7 8254 2.2% 131.3 94.0 92.0 −1.21 1.03

Total 1800 242 23,266

3. Results and Discussion

The five powertrain models described above were simulated along with the four phases
of the WLTC path and total path. For example, Figure 6 shows the shifting points, the
instantaneous fuel consumption, and instantaneous damage of the 6SG powertrain along
the WLTC path.

Observe the instantaneous damage peaks corresponding to the vehicle accelerations.
These peaks are particularly high in the fourth part of the cycle, where the power demands
are the highest. This behavior is due to the high damage values found in the engine map at
high power levels (see Figure 5), which essentially depend on the high NOX emissions at
high power levels, as seen from the diagram in Figure 4d.

The damage produced along the WLTC cycle as a function of fuel consumption
is shown in Figure 7. It highlights the effects of the management criteria on the same
powertrain: the CVT in Figure 7a and the AUT in Figure 7b. The damage curves of the 6GS
powertrain are shown as references.

The CVT-C powertrain exhibits surprising behavior (Figure 7a) as it produces more
than double the damage as criterion D. This behavior is a consequence of the shape of the
minimum consumption and minimum damage curves (Figures 3 and 5). When the engine
follows the minimum consumption line, it operates in an area where NOX emissions are
higher, whereas, when the engine follows the minimum damage curve, the consumption
value is not very far from the minimum values, especially at high torques.

In Figure 7b, the shift from the manual criterion to the minimum consumption criterion
implies a reduction in fuel consumption, as it should be, but also an increase in damage,
as already seen for the CVT. In this case, however, the increase is less evident because the
AUT-C operating points do not strictly follow the minimum consumption line but they can
move halfway between the two minimum lines, in areas where the specific damage is lower
(see Figures 3 and 5). The change from manual to automatic gearbox (AUT-M vs. AUT-D)
produces a reduction in damage of about 10%, as was to be expected.

The picture is completed with the comparison between the powertrains with a manual
gearbox: 6SG (6-speed gearbox) vs. AUT_M (7-speed gearbox). Figure 7b shows that the
change from 6 to 7 ratios does not substantially modify the damage produced but reduces
consumption by about 7%.

To better understand the effects of strategy D, targeted comparisons will be conducted.
At first, strategy D and strategy C will be compared based on the same powertrain. In this
way, it will be possible to verify whether the damage reduction that strategy D ensures
leads to excessive increases in consumption. Subsequently, strategies C and D will be
compared using the traditional strategy to identify their possible strengths.

Strategies D and C are compared and summarized in Figure 8a,b for the CVT and AUT
powertrains, respectively. The values in the two Figures refer to those of strategy C. For
the CVT powertrain, the reduced damage exceeds 50% in every cycle phase, except in the
congested one, where it settles at 40%. At the same time, increases in fuel economy range
from 15 to 7%. For the AUT powertrain, criterion D involves lower damage reductions than
in the previous case and lower fuel economy increases. To explain this difference in behavior,
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it must be remembered that the two transmissions have different average efficiency. The
CVT transmission, which has lower efficiency, requires the engine to produce greater power
for the same vehicle demand and, therefore, greater fuel consumption. The greater power
demand causes the engine to work with higher BMEP values and, therefore, higher NOX
emissions and consequently greater damage.
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Figure 8. (a) Percentage difference in fuel economy (red bar) and kilometer damage (green bar) for
the CVT-D powertrain compared to the CVT_C; (b) the same for the AUT-D powertrain compared to
the AUT_C.

Figure 9 shows the percentage changes in fuel economy (kg/km) and kilometer
damage (DALY/km) with respect to the values of the 6GS powertrain for both CVT and
AUT powertrains. The values refer to each phase (red columns) and to the total path (green
column) of the WLTC cycle.

The CVT-C (Figure 9a) produces consumption reductions ranging from 20% for the con-
gested phase to a 1% increase in motorway conditions. However, as previously observed,
the damage increases considerably instead of decreasing due to the reduced quantities
burned, up to double in the high-speed sections.

The CVT-D (Figure 9b) produces negligible consumption reductions compared with
the 6GS case (0.5% on average, with an increase of 8% in the motorway section); however,
it leads to a 12% average damage reduction. Similar to CVT-C, AUT-C (Figure 9c) produces
large reductions in fuel economy compared with 6SG (13%); however, it also produces
a small increase in damage (13%).

On the other hand, AUT-D (Figure 9d) shows both a reduction in fuel economy (9%)
and a reduction, albeit modest, in damage (11%).
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4. Conclusions

This work proposes a new way to evaluate the emissions produced by a thermal
machine. Our approach was based on damage to human health, which is expressed as
the number of years of life lost by a population due to disability or early death caused
by exposure to pollutants. Instead of considering the emissions by their individual con-
centrations, we propose using the sum of the damage caused by them. In this way, the
emissions directly link to consequences on human health, and a single value identifies their
dangerousness as immediately perceptible.

This paradigm shift suggests the possibility of managing an engine equipped with
a continuous transmission under conditions of minimum damage; thus, offering an ad-
ditional tool to make engines “cleaner”. To evaluate the effectiveness of this proposal,
the criteria of minimum consumption and minimum damage were applied to both a con-
tinuous and an automatic transmission designed for an SUV vehicle. As a reference, the
transmission with a 6-speed manual gearbox was kept.

Limited to the case examined here, our analyses highlighted the following points:

1. The minimum damage strategy can be easily implemented, as it does not require
additional hardware, just a different calibration of the engine control system.

2. The minimum damage strategy involved significant reductions compared with the
minimum fuel consumption strategy. These reductions were greater in CVT than
in Automatic. In fact, the powertrain with CVT showed a 55% reduction in health
damage, whereas the powertrain with automatic transmission only 20%. However, the
reductions are associated with 9 and 4% increases in fuel consumption, respectively.
Therefore, a compromise criterion between the two proposed strategies could be more
advantageous for the powertrain with CVT.

3. By comparing the behaviors of the two strategies with the reference one, a rather
surprising fact can be observed. While allowing for significant reductions in fuel
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consumption, the minimum fuel consumption strategy cannot guarantee damage
reductions. On the contrary, it caused damage increases reaching up to 50%. On
the other hand, the minimum damage strategy reduced both fuel consumption and
damage for both powertrains considered.

These results should be considered to be strictly valid for the engine considered here.
However, since the conformation of the engine map, which has the minimum consumption
in high torque areas and minimum NOX emissions in low torque areas, follows the typical
trends of engine maps, it can be concluded that these results still express a general behavior.

The minimum damage strategy, here applied to a light vehicle, can also be ap-
plied to heavy vehicles equipped with hydrostatic (forklifts, shunting locomotives, heavy
vehicles, etc.) or hydromechanical transmissions (agricultural tractors, reach stackers, wheel
loaders, etc.), which are transmissions that benefit most from the minimum damage strategy.
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