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Abstract

The UK national atmospheric emissions inventory estimates of construction industry emissions use a top-down approach,
based on fuel consumption and employment. It estimates that the sector is the 2nd largest emitter of PM, 5 (14%) and 4th
largest emitter of NOy (7%). In this study, we have adopted a bottom-up approach to assess emissions of NOy from the sector
and show that emissions are 39% higher than the existing estimates. By developing a novel fleet turnover model to predict the
population and emission standard of construction machinery up to 2025, we demonstrate a significant shift in the quantity and
types of machines used. The overall uncertainty of the model was calculated to be 55%. Applying the estimated uncertain-
ties to the model, in 2018, the non-road mobile machinery fleet in the UK emitted 36.6 & 10.0 kilo-tonnes of NOy, whilst
the NAEI estimated 33.2 kilo-tonnes for the same sector. For the subsequent years 2019 and 2020, the NAEI estimate was
within the model’s uncertainty prediction—?28.0 kilo-tonnes compared with 32.7 + 8.9 kilo-tonnes for 2019 and 23.2 kilo-
tonnes compared with 29.5 + 8.1 kilo-tonnes for 2020. Overall, the size of the non-road mobile machinery fleet in the UK is
predicted to reduce by 4% in 2025 compared to 2018. Furthermore, the introduction of Stages IV and V emission regulations
for new machines will lead to a 58% reduction in fleet NOy emissions over the same period. These emission regulations are
targeted at the larger, more polluting machines, with smaller machines not required to meet tighter emissions standards under
Stage V. As a result, mini-excavators are the most common machines and consequently become the dominant source of NOy
emissions from the fleet, contributing 55% in 2025. Therefore, tighter emissions regulations, or the uptake of battery power
in the form of electrification, for these small machines would yield significant emissions reductions.
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1 Introduction
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relative contribution from NRMM is expected to increase
in the future due to the decrease in emissions from road
transport caused by the implementation of more stringent
emissions standards for on-road vehicles when compared
to NRMM [6].

For certification purposes, laboratory studies are car-
ried out to quantify engine emissions on dynamometers to
provide baseline emission factors. The in-use emission fac-
tors for NRMM are difficult to characterise, due to complex
duty cycles and various activities carried out by different
types of NRMM. Consequently, real-world emissions stud-
ies have been carried out on various types of NRMM using
portable emissions measurement systems (PEMS) [7-20].
Notable amongst these, Johnson et al. [13] in 2016 evalu-
ated the in-use emission factors from 27 different pieces of
construction equipment; Frey et al. [9] in 2008 reported on
the real-world duty cycles for construction equipment. More
recently, through the continuous development of PEMS [21]
and the European standards for in-use service compliance
and monitoring testing for Stage V non-road engines [22],
it has become easier to characterise emissions from NRMM
[23]. Since most NRMM engines have relatively longer life
spans than on-road vehicles [13], it is not uncommon to find
machinery with older engines being used in the construc-
tion industry; these do not adhere to the current emission
standards.

An emissions inventory lists, by source, the amount of
air pollutants discharged into the atmosphere during a year
or other time period [24]. It is used to determine significant
sources of air pollutants, confirm compliance with regula-
tions [25], and provide input data for atmospheric mod-
els [26]. In the UK, the National Atmospheric Emissions
Inventory (NAEI) provides spatially (1 km) disaggregated
annual estimates for a wide range of important pollutants
[27]. It estimates that NRMM exhaust emissions contrib-
uted 14% of PM, s (2nd largest source) and 7% of the total
NOy (4th largest source) in 2017. Emissions from industrial
off-road mobile machinery (category 1A2gvii) [28] which
use gas oil (red diesel) were included for the construction
sector. NRMM emissions are included in the NAEI from a
range of machines (e.g., agricultural tractors and combine
harvesters, industrial generators and forklifts, construction
excavators and cranes, domestic lawnmowers, and aircraft
support machines). Activity statistics are obtained from
government statistical sources [29, 30], trade associations,
and research institutes. These emissions are mapped across
the UK based on employment in the individual sectors. This
provides a good first approximation; however, it is difficult
to estimate tail-pipe NOy emissions based on fuel consump-
tion alone. NOy emissions are dependent on engine load
factors, engine idling, engine size, payload, type of work,
and other parameters which influence emissions. A further
limitation of this approach is the reliance on employment

@ Springer

data, which disproportionately allocates emissions to city
centres where company headquarters are based. This study
aims to develop a more robust and accurate spatial and fleet
disaggregated emissions inventory than is currently avail-
able in the UK by combining calculated fleet composition
using sales data with measured NRMM real-world emission
factors [6].

2 Methodology

Improved estimates for the UK NRMM population were
derived using a novel fleet turnover model (FTM), which
was then coupled with measured emission factors and meas-
ured activity data to calculate the NOx emissions from the
construction sector in the UK.

2.1 Fleet Turnover Model (FTM)

The machine fleet turnover model (FTM) used recorded
and predicted manufacturer and machine-specific sales data
from all suppliers in the UK, coupled with machine-specific
estimated lifetime, shown in Eq. 1. This approach provided
a more realistic assessment of NRMM emissions and an
opportunity to identify the machines and emission tech-
nologies which contribute most to the emissions from the
diverse range of machines, thereby enabling more targeted
emission-reduction policies. The FTM used the latest avail-
able industry sales data between 2004 and 2018, as well as
projected sales data to 2025, to predict the current and future
fleet populations. For this study, the most common (‘core
9’) machines—backhoe loaders, compaction equipment,
mini-excavators, rough terrain forklifts, skid-steer loaders,
telescopic handlers, tracked excavators, wheeled excavators,
and wheeled loading shovels were considered, similar to pre-
vious studies [31]. Reduction in fleet numbers each year due
to scrappage from the fleet was applied monotonically using
individual machines’ useful lifetime factor (L).

2025 1\ (2026-)
MachinePopulation = Z Iales X <1 - _) 1)
‘ L
i=2004
where i, =machines sold in the year i and L =machine-

specific useful lifetime.

The useful lifetime factors for a range of different
machines in the NRMM fleet up to 2004 (L,,) were esti-
mated in previous studies [31]; however, this has a large
degree of uncertainty as it is not quantified using independent
data, neither is it up to date or able to account for changes in
fleet use over time. Nevertheless, it does provide estimates of
the different lifetimes for the ‘core 9’ machines, for example,
compaction equipment was estimated to last 3.9 years, whilst
wheeled loaders had an estimated lifetime of 8.4 years. To
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improve these estimates for each machine type, a machine
disaggregated FTM was developed using a subset of the sales
data focusing on a single manufacturer where complementary
telematic data was available. This provided an independent
assessment of the machine population for that manufacturer
in 2018. This was assumed to be representative of all manu-
facturers due to the lack of available data from other repre-
sentative original engine manufacturer’s (OEM) sales data.

The NRMM fleet was disaggregated further by EU emis-
sion standards, using the year (date) of introduction for
each of the EU emission standards [6, 22]. The introduction
of newer machines into the fleet was determined by data
received from the construction industry, which indicated an
80-30-15-0% sale over a 4-year period. For example, the
sale of Stage III-B engines during the introduction year of
Stage IV engines declined from 100 to 80%, in year two
it was 30%, etc. Thus, the model predicts that 100% of all
machines sold in the UK 4 years after the date of introduc-
tion of the emission standard were the newest machines.

Machine telematic data provided the geographical loca-
tion and whether the machine was active or not. This had
the advantage of accounting for all exported and scrapped
machines. The UK NRMM fleet was distributed geographi-
cally based on the location of the single manufacturer
NRMM fleet telemetry data, again assuming that this was
representative of all suppliers, since there is a combination
of various OEM’s NRMM on construction sites.

2.2 Emissions Inventory Development

The EMEP/EEA tier 3 methodology for equipment-spe-
cific and technology-stratified approach was adopted. This
method is more detailed than the tier 1 or tier 2 approaches,
which only utilise fuel consumption and base emission fac-
tors. The basic algorithm used is shown below [32].

E = N xHRS x Px (1 +DFA) x LFA x EFg,. )

where E = mass of emissions of pollutant during inventory
period, N = number of engines (units), HRS = annual hours
of use, P = engine size (kW), DFA = deterioration factor
adjustment, LFA = load factor adjustment, and EFg, . = base
emission factor (g/kWh).

The population of the fleet (N) used in the construction
sector in the UK was derived from the FTM described in the
previous section. The annual hours of operation for each type
of NRMM were derived from OEMs’ engine control module
(ECM) data. The proprietary sales data provided by the origi-
nal engine manufacturers does not include specific engine net
rated power (kW), and thus, calculations were made based on
the engine size category for individual machines from regis-
tered machines in London, as an accurate reflection of NRMM
within a zone. Hence, the size of the engine was assumed to

be 75 kW on average, which was the median value noted for
NRMM registered on the London database, apart from mini-
excavators, which are defined as machines up to 40 kW. For
this study, mini-excavators were assumed to be 37 kW—the
most common engine size. The deterioration factor adjustment
(DFA) and load factor adjustment (LFA) for each individual
engine size and emission standard were calculated using the
European Monitoring and Evaluation Programme/European
Environment Agency (EMEP/EEA) emissions inventory
guidebook [32]. DFAs and LFAs are calculated according to
the machine category, i.e., emission standards, as per guide-
lines provided in the EMEP/EEA emissions inventory guide-
book and hence vary by individual category and not net rated
power (kW). All machines <37 kW were assumed to be Stage
III-B, the latest emission standards for engines in this net-rated
power range, hence DFA and LFA were assigned accordingly.
For the rest of the machines, the date of introduction of the
emission standards was input into the fleet turnover model to
account for the variability in the emission standards. Emission
factors (EF) were utilised in the following order of priority:

1. Emission factors measured in a previous study [6] con-
ducted in the UK were applied, where NRMM type and
emissions category were a direct match.

2. For the remaining unmatched machinery, emission fac-
tors measured from two international studies on con-
struction machines [9, 13] were utilised, where the
NRMM type and emission category were direct matches.

3. Emission standard limit values for machines in each
emission category were utilised, where measured emis-
sion factors, either from this study or previous studies,
were unavailable. When machines were not matched by
emission category, an average emission factor for each
emission standard was applied.

2.3 Uncertainty Estimations

With our current approach to calculating the emissions from
the construction sector, and in the absence of a national
register similar to a Driver and Vehicle Licensing Agency
(DVLA) database for road vehicles, the following equation
was used to estimate the overall uncertainty of the model, as
defined by the EMEP/EEA emissions inventory guidebook
[32]:

uE = 2 X /(uN” + uHRS? + uP? + uDF’ + uLFA® + uEF?)
3)
where uE = uncertainty of mass of emissions of pollutant
during inventory period, uN = uncertainty of the number of
engines, UHRS = uncertainty of annual hours of use, uP =
uncertainty of engine size, uDFA = uncertainty of deterio-
ration factor adjustment, uLFA = uncertainty of load factor
adjustment, and uEF = uncertainty of emission factor.
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Uncertainties identified (Table 1) within the FTM were
calculated for each individual input parameter where data was
available. NRMM population was calculated from confiden-
tial data, as such, assumptions had to be made to the uncer-
tainty of sales of various NRMM by machine type. The hours
of operation for various types of machines were derived from
machine telemetry, which greatly reduces the uncertainty for
this parameter of the equation. The current NAEI methodol-
ogy does not consider the hours of use of various NRMMs.
The size of the engine (P) for various NRMM was derived
from the most common engine size of various NRMM regis-
tered on the London database, which was the only available
and most accurately reliable source of information for NRMM
registered in the UK. The proprietary sales data provided by
the OEMs does not include specific engine net-rated power
(kW). Both deterioration and load factors used were derived
from the EMEP/EEA emissions inventory guidebook [32] and
have low uncertainties. The DFAs and LFAs vary by indi-
vidual engine category and not by net-rated power (kW). The
emission factors utilised were measured from various NRMM
[6, 9, 13], which mitigates the uncertainties as compared to
emission factors derived from fuel consumption—the method-
ology used for the NAEI. The overall uncertainty of the model
along with the individual uncertainties and related calcula-
tions for each input parameter in the model are shown in SI.

3 Results and Discussion
3.1 Useful Lifetime Factor

As described, the fleet turnover model was used to calculate
the population from the sales data of a specific manufacturer
using a range of useful lifetime factors. The useful lifetime was
adjusted in 10% increments until an approximate agreement
was reached between the population and the known popula-
tion for that manufacturer, which was recorded from machine
telemetry data. This is shown in Figure SI1 and Table SI1 sup-
plementary information (SI). A 20% increase was required,
and this factor was used as a multiplier for all the machines

irrespective of type; to provide new estimates of useful life-
time, these are shown in Table SI2 (SI). This indicates that all
machines have a longer useful life in 2018, as compared to the
previous estimate in 2004, and likely reflects the improved effi-
ciency and robustness of current machines. We have assumed
that all machines have increased useful lifetime by an equal
proportion and accept that some residual uncertainty remains.
These new useful lifetime factors were used in the calculation
of the total UK NRMM population (2018-2025).

3.2 NRMM Population in the UK

Using the methods described above, the UK NRMM fleet com-
position was calculated using the adjusted machinery lifetimes,
national sales data between 2004 and 2018, and the NRMM
population estimates from 2004 [31] the results are shown in
Table SI4 in SI. Future estimates of the NRMM fleet popula-
tion between 2018 and 2025, which were calculated using the
fleet lifetime and mean sales figures from the previous 3 years,
are also shown in Table SI4 (SI). The current (2018) calculated
population and future (2019-2025) estimated projection of the
total fleet are shown in Table SI4 (SI) and Fig. 1, disaggregated
by the type of machinery (‘core 9 only, excludes site dumpers,
piling rigs, generators, etc.). In 2018, the total NRMM popula-
tion was calculated at 147,832 machines.

Mini-excavators are defined as machines classified up
to 6 tonnes, with a typical engine size of up to 40 kW
net-rated power. In this study, all mini-excavators were
assumed to be <37 kW machines. This machinery type
was the single largest population, contributing to 38%
of the total fleet in 2018. A similar trend is noted for
the fleet projected up to 2025, with mini-excavators still
contributing 38% of the total fleet and remaining the most
common machine. All other machines were assumed to
be > 37 kW. Telehandlers were the second largest popula-
tion in 2018, contributing to 27% of the total fleet. The
population of backhoe loaders, rough terrain forklifts, and
wheeled excavators is expected to decrease by 2025 when
compared with 2018, as shown in Fig. 1.

Table 1 Estimated uncertainty for the input parameters used to calculate the emissions inventory and mitigation techniques used

Parameter Estimated Mitigation technique in calculation
uncertainty
Population () Medium Develop and use of a FTM, based on available sales data and corrected machine-specific useful
lifetime
Hours of use (h) Medium Derived from machine telemetry for various machines
Engine size (P) Medium Engine specific power for most common NRMM derived from London’s NRMM database

Deterioration factors (DFA) Low
Load factors (LFA) Low

Emission factors (EF) Medium

consumption

Deterioration factors are used from the inventory guidebook
Load factors are used from the inventory guidebook
Emissions measured from various NRMM are used instead of emission factors derived from fuel
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Fig.1 NRMM fleet population in the UK, disaggregated by machine
type, for each year from 2018 and projected up to 2025. Core 9 type
of machine includes backhoe loader, compaction, crawler excavator,

The NRMM population disaggregated by emission
standards is shown in Table 2 and Fig. 2 In 2018, Stages
III-B and IV machines contributed to the majority of the
population (> 80%) for all types of NRMM. Future projec-
tions (2020 to 2025) indicate Stages IV and V machines
contributing to the majority of all NRMM types, as shown
in Table 2 (and Table SI3 in SI)

3.3 UKNRMM Fleet Activity

The average number of hours each machine worked per day
was calculated using ECM data. Real-world data from the
machine suppliers indicate that the snapshot of a dataset

mini excavator, rough terrain forklift, skid steer loader, telehandler,
wheeled excavator, and wheeled loader

containing 3.1 million data points over ~ 10,000 machine
hours of activity was analysed (shown in Table SI5 in SI).
This real-world data from the machine suppliers is a highly
accurate source of machine telemetry information which
is logged and received from the engine telematics on the
machine. Backhoe loaders worked for 3.03 h (£0.62) per
day, compaction equipment worked for 1.04 h (+0.63) per
day, crawler excavators worked for 4.45 h (+ 1.07) per day,
mini-excavators worked for 2.85 h (+0.51) per day, rough
terrain forklifts worked for 2.17 h (£0.41) per day, skid-
steer loaders worked for 2.94 h (+0.53) per day, telehan-
dlers worked for 2.84 h (+0.66) per day, wheeled excavators
worked for 4.21 h (+1.02) per day, and wheeled loaders

Table2 UK NRMM fleet

_ Year 2018 2019 2020 2021 2022 2023 2024 2025
population between 2018 and
2025 disaggregated by EU Population 147,832 146,549 144,769 143,066 141,762 141,154 141,378 142,194
emission standards -
Emission standards
Stage II 23 1 0 0 0 0 0 0
Stage III-A 3768 1487 483 103 22 1 0 0
Stage III-B 48,753 31,959 18,689 9681 4261 1631 547 118
Stage IV 95288 113,102 118378 101,656 79,623 54,409 33,978 19,041
Stage V 0 0 7219 31,626 57856 85,111 106,854 123,036
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Fig.2 NRMM fleet population
in the UK, disaggregated by
EU emissions standards as a
percentage of the total fleet, for
2018 modelled to 2025

NRMM population
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2018 2019

worked for 4.08 h (+0.91) per day. All machines were
assumed to work for 300 days per calendar year, account-
ing for non-working days in the UK including public and
bank holidays. Deterioration factors and load factors were
adjusted per machine type, engine size, and engine age.

3.4 Emissions from NRMM in the UK

The EMEP/EEA tier 3 methodology for equipment-specific
and technology-stratified approach was used to calculate
the tonnes of NOy emissions for 2018-2025 and a break-
down is shown in Table SI6 (in SI). Using this approach,
NRMM in the UK emitted 36.6 kilo-tonnes of NOy in 2018,
in comparison, the NAEI methodology estimated 27 kilo-
tonnes of NOy (expressed as NO,) for industrial off-road
mobile machinery (NFR, 1A2gvii) for 2018. The difference
in emissions is due to the high-level detail included in our
calculations of fleet composition, machinery useful life,
disaggregated emission standards, work activity, and emis-
sion factors, which have lower uncertainties compared to
the NAEI’s approach of assumed emission factors from the
sale of red diesel. Examining the trends in fleet emissions in
this data, there is a 58% decrease in NOy projected for 2025
from 2018 despite there being only a predicted 4% decrease
in fleet population. This is primarily due to the increased
uptake of cleaner Stage V machines and the subsequent
scrapping of high-emitting Stages III-A and III-B machines.

Figure 3 shows that tracked mini-excavators contribute to
the highest NOX emissions mainly due to the large popula-
tion and the older engine emission standards (Stage III-A
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EU emission standard . Stage Il . Stage IIl-A I:I Stage III-B . Stage IV . Stage V

2020 2021 2022 2023 2024 2025

with no exhaust gas after-treatment). Mini-excavators are
defined as machines classified up to 6 tonnes, with a typi-
cal engine size of up to 40 kW net-rated power, which fall
under the category of engines < 56 kW. For this category of
machines, there is no change in the NOX emission standards
for EU Stage V standards, when compared to the previous
EU emission standards [22]. Hence, these machines (mini-
excavators) would be subject to the same NOX emissions
for Stage V standards. Their relative contribution to NOX
emissions is expected to increase, despite the introduction
and uptake of Stage V machines in the coming years. Quan-
titatively, mini-excavators made up 38% of the total fleet in
2018, and continue with this share up to 2025 (Table SI4 in
SI); however, the calculated contribution to overall NOX
emissions was increased from 24% in 2018 to 55% in 2025
(Table SI6 in SI).

Figure 4 shows the calculated tonnes of NOX emissions
from the core 9 types of machines, further disaggregated by
the respective emission standard contributions. All machines
with the exception of mini-excavators show a decreasing
trend in emissions. The population of mini-excavators is
expected to decrease by 4% from 2018 to 2025, with the
NOX emissions expected to decrease by 4%. There is little
decreasing trend in the emissions from mini-excavators as
they are subject to similar NOX limit values for Stage V
when compared to Stage III-A or Stage III-B. Hence, the
change in emissions would be driven solely by the machine
population. For other machines, the decrease in NOX emis-
sions is attributed to the introduction of Stage V machines,
which are required to meet lower emission limits, and the
reducing number of machines in some categories.
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Fig.3 Tonnes NOX emissions
disaggregated by the type of
machine, for each year from
2018 and projected up to 2025.
Core 9 type of machine includes
backhoe loader, compac-

tion, crawler excavator, mini
excavator, rough terrain forklift,
skid steer loader, telehandler,
wheeled excavator, and wheeled
loader
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Fig.4 Tonnes of NOX emissions disaggregated by the type of
machine and respective emission standards, for each year from 2018
and projected up to 2025. Core 9 type of machine includes backhoe

2020

loader, compaction, crawler excavator, mini excavator, rough ter-
rain forklift, skid steer loader, telehandler, wheeled excavator, and
wheeled loader
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Backhoe loaders show a 91% reduction in population
alongside an improved emission abatement technology and
a corresponding 96% decrease in NOX emissions. There is
a 4% increase in compaction equipment and a correspond-
ing 77% decrease in NOX emissions. Crawler excavators
are estimated to increase by 1% with a corresponding
74% decrease in NOX emissions. Rough terrain forklifts
show a 57% decrease in population and a corresponding
87% decrease in NOX emissions. The population of skid
steer loaders is calculated to decrease by 18% with an
82% decrease in NOX emissions. Telehandlers show a 3%
increase in population but a 73% decrease in NOX emis-
sions. Wheeled excavators show a 56% reduction in popu-
lation and an 86% reduction in NOX emissions. Wheeled
loaders are expected to increase by 6% with a 71% reduction
in NOy emissions.

Uncertainties were estimated for all individual param-
eters of the fleet turnover model—fleet population at 10%
was assumed from the emissions inventory guidebook due
to a lack of available data, hours of operation at 18% was
calculated for the fleet, machine power at 11%, load factor
at 7%, and emission factor at 13%. The overall uncertainty
of the model was calculated to be 55%, utilising the guid-
ance from the EMEP/EEA emissions inventory guidebook.
Applying the estimated uncertainties to the model, in 2018,
the NRMM fleet in the UK emitted 36.6 +10.0 kilo-tonnes
of NO, whilst the NAEI estimated 33.2 kilo-tonnes for the
same sector. For the subsequent years 2019 and 2020, the
NAETI estimate was within the model’s uncertainty predic-
tion—28.0 kilo-tonnes compared with 32.7 + 8.9 kilo-tonnes
for 2019 and 23.2 kilo-tonnes compared with 29.5 +8.1 kilo-
tonnes for 2020.

Although the NAEI estimates are within the modelled
uncertainties of NOX estimated in this study, the introduc-
tion of the newest EU Stages IV and V emission standard
machinery into the UK NRMM fleet will lead to the most
significant reduction in NOy, as demonstrated by the FTM
developed in this study. The implementation of policy
measures such as London’s Clean Air Zones (CAZ) for
NRMM will lead to an acceleration of the fleet turnover,
thereby phasing out older Stages III-A and III-B machines
to incorporate the latest Stages IV and V machines. How-
ever, the implementation of the CAZ for NRMM in London
and possibly other major cities and infrastructure projects
across the UK will lead to a shift of the older NRMM fleet
to other parts of the UK, where such localised policies do
not exist. As such, a national policy is required to clean up
the UK NRMM fleet. The significant emission reduction
demonstrated in this research justifies the requirement for
a national policy on cleaner NRMM with rapid adoption
across the UK. However, adopting the cleanest machines
does not solve the air pollution issue, as small machines
such as mini-excavators are not required to have exhaust
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gas after-treatment technology and hence will continue to
remain a significant source of emissions, as demonstrated
by this research. Hence, electrification of this machine type
or the adoption of other alternative technology such as spark
ignition engines or gas engines is vital to reduce the NOy
emissions from this machine type in the future.

Figure 5 shows a map of the summed total tonnes of NOy
emissions per local area in the UK for 2018. Emissions were
calculated based on the total NRMM population, disaggre-
gated by EU emission standards for individual machines.
The map shows that major cities (e.g., London, Birmingham,
Liverpool, Manchester, Glasgow, Edinburgh) in the UK tend
to emit higher overall NOy when compared to smaller cities
and other areas (e.g., areas of outstanding natural beauty,
nature parks) where NRMM are less frequently used.

4 Conclusions

In this study, a fleet-turnover model was developed to esti-
mate the population of the NRMM fleet in the UK, which
was coupled with measured exhaust emissions and machine
activity, to calculate the NOy emissions from this sector.
This approach was designed to address some of the limi-
tations in the top-down methodology applied in the UK
National Atmospheric Emissions Inventory. Furthermore,
it provides the ability to disaggregate emissions by machine
type, emission standard, and geographical location, leading
to an improved ability to develop targeted emissions abate-
ment policies.

The calculated population was used to estimate that the
NRMM UK fleet emitted 36.6 kilo-tonnes of NOy in 2018.
In comparison, the NAEI methodology estimated 27 kilo-
tonnes of NOy in 2018.

The 2018 population of the NRMM fleet in the UK was
estimated to be ~ 148,000 machines. By 2025, the number of
backhoe loaders, rough-terrain forklifts, skid-steer loaders,
and wheeled excavators was predicted to decrease. In con-
trast, the population of compaction equipment, crawler exca-
vators, mini-excavators, telescopic handlers, and wheeled
loaders is expected to remain constant.

A 42% decrease in NOy emissions was projected
for 2025, when compared to 2018, primarily due to the
increased uptake of cleaner Stage V machines and the sub-
sequent scrapping of high-emitting Stages III-A and III-B
machines.

Overall, a 55% uncertainty was computed for the model,
individual uncertainty was also estimated for each of the
parameters included in the fleet turnover model—fleet popu-
lation, hours of operation, machine power, load factor, and
emission factor.

There are no EU Stage IV emission standards for
machines below 55 kW engine size, so current Stage I1I-B
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Fig.5 Tonnes of NOX summed
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machines with this engine size are required to meet Stage
V EU emission standards. However, there is no change in
the NOx emission standards for Stage V machines when
compared with the corresponding previous emission stand-
ard (Stage III-B) for the same engine size category (below
55 kW). As no after-treatment systems are required on EU
Stage V machines below 55 kW, tailpipe emissions from
this category are likely to remain the same as the machines
adhering to older Stage III-B standards. Hence, emissions
from mini-excavators do not decrease corresponding to other
machines.

Mini-excavators are now the primary source of NOy from
the NRMM fleet. The number of machines is predicted to
remain relatively constant, but there is no improvement in
emission standards at Stage V for these small machines.
Therefore, unlike for the larger machines, renewal of this
part of the fleet does not reduce the emissions, and the

0 50100 200 300 400

Kilometers

calculated contribution from mini-excavators to NOy emis-
sions increases from 24% in 2018 to 55% in 2025.

Policy options to reduce NOy emissions from the NRMM
fleet should therefore focus on these smaller machines. As
mentioned, there is minimal tailpipe emission reduction
benefit from older Stage III-B machines below 55 kW when
compared to their newer Stage V counterparts. Hence,
alternative technologies such as spark ignition engines, gas
engines, hybrid machines, or electric drivetrains must be
explored for this engine size category. Either tighter emis-
sions standards for this engine size category in future Stage
VI emission standards or alternative power sources such as
electrification which is feasible for this power requirement
would reduce the impact of this sector on air quality.
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