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Abstract: Due to an extensive usage of heavy machinery, the construction sector is criticized as one of
the major CO, emitters. To address climate concerns, mitigating these greenhouse gas (GHG) emis-
sions is important. This study aimed to strategize for “zero emission construction” by assessing the
life cycle environmental impacts of diesel, electric, and hybrid construction machinery. By applying
life cycle assessment (LCA) principles with adherence to ISO 14040/44 methodologies, this study
scrutinizes the environmental repercussions of a standard excavator over 9200 effective operational
hours, from raw material acquisition to end-of-life disposal. The results demonstrate a significant
reduction in global warming potential (GWP), ozone depletion potential (ODP), and acidification
potential (AP) in transitioning from diesel to hybrid and fully electric machines. A nominal increase
due to this shift also occurred and impacted categories such as human carcinogenic toxicity (HT),
freshwater eutrophication (EP), and marine ecotoxicity (ME); however, a more significant upsurge
was noted in terrestrial ecotoxicity (TE) due to battery production. Thus, this study highlights the
need for a careful management of environmental trade-offs in the shift toward electrified machinery
and the importance of centering on the environmental profile of the battery. Future work should focus
on enhancing the environmental profile of battery production and disposal, with policy decisions
encouraging holistic sustainability based on green energies in construction projects.

Keywords: life cycle assessment; construction equipment; CO, emissions; batteries; electrification

1. Introduction

The construction sector, which is responsible for about 23% of global economic carbon
emissions [1], is vital for achieving the UN’s Sustainable Development Goals (SDGs).
Most of the fuel usage and emissions are produced during heavy equipment operations.
This off-road machinery accounts for 45% to 48% of all motor vehicle gasoline usage
and emitted pollutants [2]. The machinery is mostly deployed at a large scale in mega
projects, performing heavy duty operations, which generates a substantial amount of
pollutants compared to other sectors. For instance, a middle-sized loader machine produces
500 times more emissions as compared to a private car [2-4]. The large-scale dependency
on diesel-fueled machinery, which emits pollutants such as CO;, SO,, NOx, and particulate
matter (PM) [5], jeopardizes urban life. For instance, in London, construction contributes
to 7.5% of the city’s NOx emissions, 8% of PM10 emissions, and a significant 14.5% of
PM2.5 emissions [6]. PM2.5 particles, which are capable of deeply penetrating the body,
are associated with increased mortality rates from lung, cardiovascular, and respiratory
diseases, particularly among children and the elderly. Similarly, construction sites in Oslo
account for 18% of the city’s greenhouse gas emissions and 30% of total transportation
emissions [6], surpassing emissions of passenger cars and light-duty vehicles and adding
an extra 5.1 tons of NOx.

Given the significant environmental impacts of construction machinery, policies tar-
geting zero-emission construction sites have been introduced. For example, Oslo aims to
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achieve emission-free construction projects by 2025 and proposed solutions to minimize
off-road equipment emissions. Meanwhile, the industry is actively exploring new ways
to reduce pollutants and fossil fuel consumption without compromising the productivity
of equipment. In this context, decarbonization and CO, reduction initiatives are being
taken globally. Renewable energy sources such as biodiesel have been explored as an
alternative to cut dependencies on diesel fuel, which is environmentally unfriendly and
non-sustainable in the long term. Here, green diesel, which is produced via the hydrogena-
tion of vegetable oil, is considered an important biofuel. Thus, to produce high-quality
biodiesel, three solutions have been proposed [7]. These include green diesel composure
with bio-additives, hydro-treated diesel fuel, and two-component mixtures. Biodiesel
reduces water pollution by allowing microorganisms in the soil or water to dissolve 99% of
it in 28 days through an extensive decomposition process [7-9]. This fuel is 75% cleaner
than an ordinary petroleum diesel [10]. However, developments in this area are in the early
phase, and most of the equipment is still equipped with a diesel engine. Thus, the demand
for biofuel is increasing [11].

Other innovative technologies, such as selective catalytic reduction and diesel ox-
idation catalyst, have also been developed to reduce diesel engine NOx and particle
emissions [12,13]. Strategies such as engine and machine component upgrades, process
optimization, specialized training for machine operators to decrease fuel usage, and the
electrification of construction site equipment can all contribute to an increased efficiency
and reduced emissions [14]. In the Nordic region, several companies, including Volvo
(Gothenburg, Sweden), Wacker Neuson (Munich, Germany), and PON (Oslo, Norway),
have developed environmentally friendly machinery for public projects, citing the forth-
coming implementation of stricter and more sustainable public procurement regulations
in large cities as motivation [15]. Currently, the construction manufacturers are launching
machines with electric technologies due to their greater efficiency and lower environmental
impact compared to fossil fuel-based alternatives. Hence, excavators are being upgraded
with electrification and advanced features, serving as prototypes of this shift. Notably,
Komatsu Ltd. (Tokyo, Japan) [16] designed a battery-powered excavator that can operate
between two and six hours on a full charge, depending on the task. Meanwhile, the electric
Liebherr (Colmar, France) R 9200 E [17] is purported to have up to 25% lower maintenance
costs compared to its diesel counterparts. Wacker Neuson [18] also made strides in this
area, launching the battery-powered EZ17e lightweight excavator. These advancements
underscore the growing momentum of electrification in the construction industry.

Similarly, technologies with hybrid powertrain architectures offer dynamic, efficient
machinery for indoor and outdoor use in full electric and hybrid modes. For instance,
reference [19] proposed a solution to determine optimal hybrid configurations, while
reference [20] replaced a 14 kW diesel engine with a 10 kW electric motor in excavators,
reducing operating times while maintaining performance. Zhang et al. [21] developed an
innovative energy recovery system for hybrid hydraulic excavators, whereas Yu et al. [22]
emphasized the importance of an effective energy flow balancing for the efficient use of
scarce power sources such as battery packs. These studies underscore the potential of
hybrid technology in promoting efficiency and reducing the environmental impact of the
construction industry.

Despite the growing recognition of heavy duty construction machinery’s impact on the
environment, research typically places an emphasis only on direct operational emissions,
leaving a gap in comprehensive life cycle assessments (LCAs), comparing traditional and
alternative powertrains. This creates challenges for decision-makers such as contractors
when strategizing a shift toward greener energy sources, especially reflecting debates
around the environmental impacts of batteries. To fill this gap, this study aims to answer
the following research queries:

e  What is the hot spot of environmental impact stemming from construction machinery
according to a life cycle perspective?
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e  How does the level of electrification influence the environmental impact of construc-
tion machinery?
e  Which measures are key to reducing construction machinery’s environmental impact?

The study conducts a life cycle assessment of an excavator, one of the important
construction machines mostly used in large-scale projects. Five scenarios are examined,
encompassing fully electric, with various levels of hybridization, and diesel-powered
equipment. Sensitivity tests are performed to pinpoint key influencers in order to ensure
the reliability and robustness of this findings. Given the current state of development
and deployment of fully electric machinery in construction projects, these findings are
particularly valuable. They can inform decision-making processes for both developers and
contractors, aiding in the transition toward more sustainable and efficient practices in the
construction industry.

2. Materials and Methods

This LCA study follows the ISO 14040/44 methodology [23,24]. The background data
stem from ecoinvent database version 3.9. The ReCiPe Midpoint (H) V1.1 method has been
used to calculate the environmental impacts.

2.1. Goal and Scope

The goal of this study is to provide cradle-to-grave attributional LCA for construction
machinery to support the green shift of the construction sector. In view of operational
efficiency and environment, the engine is considered as one of the important parameters
in construction machinery; therefore, the study evaluates five distinct scenarios based
on engine powertrain energy distribution. The machines used under these scenarios
have comparable weight and operating conditions. Therefore, we focus entirely on the
performance of the machine under operation. Thus, the time taken to transport equipment
from one job site to another falls outside the scope of this analysis. For charging batteries,
we used Norwegian electricity mix (hydro-power), and assumed a grid as a propulsion
system. We believed that the charging station has enough potential to provide charging
required for batteries in this analysis.

Scenario 1: Utilizes a conventional internal combustion engine (ICE) powered solely
on diesel. This scenario is used as a benchmark of comparison for other cases.

Scenarios 2, 3, and 4: These scenarios are based on hybrid engines, with the machine
powered by both battery and diesel engine.

Scenario 5: In this case, the machine is completely relied on battery engine. It is
important to note that the weight of the machine was estimated as 26 tons in all cases.
Therefore, for designing a fully electric machine, we used a 300 kWh battery pack. The
weight and capacity of the battery has been adjusted as per Caterpillar [25] and Pon
Equipment [18].

The study uses an “effective hour” (eh) metric to compare the performance of equip-
ment running on diesel, electric, and hybrid powertrains. The effective hours measure the
time during which a machine is actively performing both direct and indirect productive
tasks. We have not counted idle time of equipment; therefore, it is excluded in effective
hours. The functional unit in this LCA was used as a machine, weighing 26 tons with an
estimated operational life of 9200 (ehs). As the performance of the machine can also be
influenced by working environment, for the sake of simplicity and practicality, the study
assumed medium operating conditions and a machine with track chain mobility. This
study considered the manufacturing, maintenance, operation, and end-of-life stages of a
construction equipment, as illustrated in Figure 1.



Energies 2023, 16, 6025 40f 18

[ Material Processes }—»[ Production Phase ]—'[ Operation Phase ]—{ End of Life Stage ]
( Steels, Irons, /—_\
EMISSIONS

Coppers, .
Aluminum, PC Engine, Cab

boards, etc.

Lead: Sulphur J Lead batteries
acid, etc.

Steels Trons
4 linder L. Metal
- S Machine in
eels, Recove
Cables, Brakes Use

Coppers,

Crawlers

|

)

Assembly Landfill

il

Alumi Tanks
Plastic
. Hydraulic oils,
.
Steels, Irons E
Coppers, Other Parts @ psd
Aluminum ﬁ ]
=
\%/ \%/ District £ Energy
( Heating i recovery
Lead, copper, Battery for S
plastic Electrification

I Maintenance
Electricity District Heating
Consumables

Figure 1. Generic process flow diagram for the life cycle of a conventional excavator.

2.2. Inventory Analysis
2.2.1. Manufacturing, Maintenance, End-of-Life

For each scenario, a machine was designed and the input and output flows were
adjusted as per Volvo Construction Equipment (VCE) and Volvo Group Truck (VGT)
documentation [26]. Other sources such as manufacturer manuals and the latest literature
works were also considered to ensure accuracy and validation. For machines that operated
on hybrid (diesel + electric) engine, we incorporated Li-ion batteries, with battery weight
calculated based on capacity in each scenario [27]. The capacity of battery for the hybrid
and electric scenarios is determined based on the power distribution in the operation mode
of equipment. The details of each scenario are illustrated in Table 1.

Table 1. Scenarios for diesel, hybrid, and electric construction equipment.

Scenarios Diesel (%) Electric (%) Details Battery (kWh)
1 100 0 Fully diesel powered -
2 75 25 Hybrid 75
3 50 50 Hybrid 150
4 25 75 Hybrid 225
5 0 100 Fully electric 300

To optimize performance and reduce associated maintenance costs, we assumed
regular maintenance and repairs throughout the lifespan of the machine. The replacement
of the battery was presumed once during the life cycle. As per Bellona [28], only 5% of
lithium-ion batteries are recycled in the European Union (EU), the majority are either
disposed of in landfills or incinerated. As such, this study considers a 5% recycling rate
for battery.

2.2.2. Operation

For evaluating emissions during operation, we used the European Emissions Inventory
Guidebook, commonly known as the EMEP/EEA guidebook [29,30], as it provides the
baseline emission parameters. Given that we knew the size of the engine for the machinery,
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we estimated emissions using the Tier 3 method, following the EMEP/EEA guidebook. We
also aligned some data of the EMEP/EEA guidebook to one emission standard, i.e., Stage
V emission standards [31].

Based on the VOLVO guidebook, we set the power of each machine as 168 kW.
Equation (1) was used to calculate emissions for each scenario of equipment, modifying
a formula of the EMEP/EEA guidebook according to the statistics of this analysis. The
equation includes variables representing calculated pollutant amounts, baseline emission
factor, fuel efficiency, energy density of fuel, load factor, adjusted deterioration factor, and
electrification coefficient.

h
Ey= ( o BEFyyi. FCy.EDyy. LF;.(1 + ADPth-)>. (1-Ky) )

Here, E represents the amount of calculated pollutants in grams (g), x stands for the
specific construction equipment, i represents the type of pollutant, and eh signifies effective
hours (in this study, 9200). The baseline emission factor is denoted by BEE. The technology
level is represented by t and measured in grams per kilowatt-hours (g/kWh). The power
is denoted by p which is determined as 168 kW in this study. FC is used for fuel efficiency,
which is calculated in liters per effective hours (1/eh). ED stands for the energy density of the
fuel y burned in the specific construction equipment, which is denoted by x, and measured
in g/kg fuel. LF is the adjusted load factor, which is set to 100% in the designed scenarios.
The load factor is the amount of engine power used during operation. ADF is used for the
adjusted deterioration factor, which accounts for emission changes as the machinery ages, and
electrification coefficient is denoted by K, which is measured in percentage. In our analysis,
we adjusted the value of K as 0%, 25%, 50%, 75%, and 100%, respectively, for scenarios 1-5, as
shown in Table 1.

Equation (1) was used to calculate emissions for 9200 effective hours (the economic
lifetime) of equipment in each scenario. The baseline emission factors (BEFs) depend on
technology levels (t) and power ranges (p) in kilowatts per hour (kWh), as shown in Table 2.
CO; and SO, emissions are primarily considered to be fuel-driven emissions, and depend
on the engine type and equipment technology [32]. As the EMEP/EEA guidebook [32,33]
does not provide an emission factor for these emissions, we therefore used the CO; intensity
of fuels, following [34], assuming a value of 3146 g/kg burnt fuel. Diesel fuel was limited
to 10 ppm of sulfur [35], presumed to fully convert to SO,. Additionally, the density of
diesel fuel was taken as 0.85 kg /L.

Table 2. Baseline emission factor (BEF) values.

Engine Power (kW)  Technology Level  Pollutant BEF Pollutant BEF
BC 0.002 NOy 0.4
CH,y 0.003 PM 0.0
75 <P <560 Stage V Cco 15 VOC 15
NH; 0.002 CO, 0.1
N,O 0.035 SO, 3

The performance of engine declines as the machine becomes older. Such degradation
often leads to increased tailpipe emissions. To provide a more accurate estimate of emissions
for such a degradation, we employed logistic distribution model in our study. This made
the calculation of deterioration factors for a set of air pollutants based on their initial
emissions standards.

Calculations were performed from the start of the equipment usage (time zero) till the
end of its life, providing a comprehensive assessment of the impact of engine degradation
on tailpipe emissions. To account for the varying rates of decline, three retardation factors
were used, as illustrated in Figure 2. The retardation factor acts as the midpoint between
zero and the maximum adjusted deterioration at the end of life. We selected 30%, 50%, and
70% retardation factors to represent a broad scope of scenarios regarding the frequency and
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rate of pollutant generation. The 30% and 70% retardation factors function as lower and
upper boundaries, indicating faster and slower rates of deterioration, respectively. The 50%
retardation factor was used here as the baseline, as per [31].

1,0 @
.S 0,8
©
T 0,6
>
5 04 —n— 30% i
o) o retardation
B —o— 50% retardation
© 0,21 70% retardation
0,04 o o-

T T
0 20 40 60 80 100

% of engine lifetime

Figure 2. Distribution of engine deterioration.

To adjust the distribution exhibited for various pollutants, we multiplied the rate
of degradation with the deterioration factor of each gas. Table 3 shows the modified
deterioration factor of each pollutant. Due to the lack of information (deterioration factors)
for pollutants like black carbon, dinitrogen oxide, and ammonia, we presumed that engine
degradation would not be affected by them. Therefore, emission factors for these pollutants
were kept constant during the overall lifespan of equipment.

Table 3. Degradation factors for adjustments.

Pollutant Deterioration Factor (% Avg. Engine Lifetime)
CH, 0.15
CcO 0.151
CO, 0.1
NOy 0.008
PM 0.3
vOC 0.027
SO, 0.1
FC 0.1

2.2.3. Data Collection

For extraction and processing of materials, the types and quantities of materials were
determined from the Volvo group, following VCE and VGT documentations [26]. We
also used Bellona Foundation Norway database as an information source for equipment-
related data [6,36]. Other information sources, such as emission modeling, reports, the
literature, and Environmental Product Declaration (EPD) documents were studied to collect
a comprehensive set of data relevant to our study.

Table 4 lists data sources used while creating processes for the production, mainte-
nance, and end-of-life stages of the construction equipment under analysis. This table
provides an overview of the key processes and their corresponding ecoinvent entries,
offering a clear reference point for each phase of life cycle of the equipment.
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Table 4. Boundary of the studied system and data sources.

Life Cycle Stages Data Sources
Manufacturing Ecoinvent (v3.9); Volvo EPDs [26]; EMEP/EEA [26,29-33,37,38]
Maintenance Ecoinvent (v3.9); [18,31-33,37-39]
Operation Ecoinvent (v3.9); [31-33]
End-of-life Ecoinvent (v3.9); [31,39]

2.3. Impact Assessment

ReCiPe Midpoint (H) V1.1 method was applied in simapro for calculation. The following
seven environmental impact categories were chosen for analysis: global warming potential
(GWP, kg CO; eq), terrestrial ecotoxicity (TE, kg 1,4-DCB), stratospheric ozone depletion
potential (ODP, kg CFC11 eq), human carcinogenic toxicity (HT, kg 1,4-DCB), terrestrial
acidification potential (AP, kg SO, eq), freshwater eutrophication potential (EP, kg P eq), and
marine ecotoxicity (ME, kg 1,4-DCB).

3. Results

The results of this study are shown in Table 5, which presents a comprehensive comparison
of the environmental impacts associated with different types of construction machinery. It is
observed that multiple impact categories vary in response to differing levels of electrification.

Table 5. Impact of manufacturing, maintenance, operation, and end-of-life stages for diesel, hybrid,
and electric machines.

Contribution (%)

Impact category Unit Total Manufacturing Maintenance  Operation  End of life ~ Scenarios
5191.61 1 0.3 98 0.7 1
Global warming 3914.09 1.3 0.5 97.7 0.5 2
(GWP) ton CO; eq 2662.83 2 0.8 97 0.2 3
1405.15 4 1.8 93.8 0.4 4
145.39 42.3 19.3 345 3.9 5
574.99 73.9 9.1 15.5 15 1
845.79 58.2 27.3 13.3 1.2 2
Terrestrial ecotoxicity (TE) ton 1,4- DCB 1261.93 54 334 11.6 1 3
1661.18 52 37 10 1 4
2609.51 40.7 30.8 27.8 0.7 5
1.43 x 1073 15 0.46 97.99 0.05 1
1.11 x 1073 1.6 0.7 97.6 0.1 2
Stratospheric ozone depletion (ODP)  ton CFC11 eq 0.80 x 1073 24 1.3 96.1 0.2 3
0.69 x 1073 3 1.8 95 0.2 4
0.16 x 1073 15 9 75 1 5
32.86 88.7 6.9 4.2 0.2 1
29.30 83 10.4 6.3 0.3 2
Human carcinogenic toxicity (HT) ton 1,4-DCB 31.21 80 11.7 8 0.3 3
32.85 78 13 8.6 0.4 4
39.52 66.4 12.4 20.8 0.4 5
1.58 15.3 45 80 0.2 1
1.30 17 8.6 739 0.5 2
Terrestrial acidification (AP) ton SO, eq 1.15 23 13.1 63.1 0.8 3
0.90 34 21 44 1 4
0.78 443 29.7 24 2 5
0.06 729 13.3 13.5 0.3 1
0.07 60.13 25.37 14 0.5 2
Freshwater eutrophication (EP) ton P eq 0.09 56.2 30 13.2 0.6 3
0.11 54.6 33 11.7 0.7 4
0.16 46 30.2 23.2 0.6 5
16.46 49 6 6 39 1
21.13 40 16 14 30 2
Marine ecotoxicity (ME) ton 1,4-DCB 28.21 38.6 21 17.4 23 3
35.09 38.3 24 19.2 18.5 4
81.55 19.6 13.4 59 8 5
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For example, with an increase of 25% electrification, GWP reduces from 5191 to 145 tons
of CO,eq, while switching from fully diesel to fully electric machinery. Similarly, ODP and
AP reduce from (1.43 x 1073 t0 0.16 x 1073, ton CFC11 eq) and (1.58 to 0.78, ton SO, eq),
respectively. On the other hand, due to growing electrification, an upward trend was noted
in impact categories, notably, TE, HT, EP, and ME. The TE elevated greatly from (574.99
to 2609.51, ton 1,4 DCB) and HT, EP, and ME, respectively, raised from (32.86 to 39.52, ton
1,4-DCB), (0.06 to 0.16, ton P eq), and (16.46 to 81.55, ton 1,4-DCB), as shown in Table 5.

In terms of GWP, ODP, and AP, scenario 1, which uses a machine solely fueled by
diesel, records the highest impacts. Conversely, scenarios 2 through 4, which represent
equipment with a 25-75% reduction in diesel engine usage due to hybridization, display a
notable reduction in environmental impacts in these categories. For these three categories,
the operational stage contributes most significantly to the total impact.

However, for TE, HT, EP, and ME, environmental impacts escalate with increasing
levels of electrification. In these categories, it is the manufacturing stage that contributes
most substantially to the environmental footprint. This is due to that fact that some electri-
cal components use rare earth metals and require a significant amount of energy during
production, the emissions produced during their manufacturing phase are higher compared
to standard internal combustion engine mechanical powertrain components [40]. We also
assessed these seven impact categories for monitoring stage-wise emissions (manufactur-
ing, maintenance, operation, end-of-life phase) in all scenarios, with results presented in

Figures 3-6.
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Figure 3. (a) Global warming potential (GWP), (b) terrestrial ecotoxicity (TE).
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Figure 4. (a) Ozone depletion potential (ODP), (b) human toxicity (HT).
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Figure 5. (a) Acidification potential (AP), (b) eutrophication potential (EP).
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Figure 6. Marine ecotoxicity (ME).

GWP is primarily driven by the combustion of diesel fuel in equipment and upstream diesel
production processes. However, a significant decrease in GWP was observed while transitioning
from a full diesel to an entirely electric operation. As illustrated in Figure 3a, machines 2, 3, 4,
and 5—characterized by 25%, 50%, 75%, and 100% electrification, respectively—presented GWP
impacts that were intermediate, falling between machine 1 (highest) and machine 5 (lowest). In
Figure 3a, we also observed a decrease in the GWP at the manufacturing stage while moving
from scenario 1 to scenario 2. However, the GWP then increases again, primarily due to the
environmental impact of battery production. Battery manufacturing significantly contributes to
the GWP during the maintenance and end-of-life (EoL) stages, resulting in an increase in GWP
as the level of electrification is enhanced. This observation is in line with our expectations.

As per [41], chemicals in batteries can spill into the ground during the manufacturing
and disposal processes, leading to the contamination of both groundwater and surface
water. This contamination can adversely affect numerous aquatic plant and animal species
due to the toxins released by batteries. Therefore, as we increase the level of electrification,
we also observe a corresponding rise in TE, as indicated in Figure 3b.

Like GWP, the consumption of diesel fuel in various stages also contributes to ODP.
Increasing the level of electrification in machinery operation results in a decrease in ODP
as seen in Figure 4a. However, during other stages, ODP is observed to be increasing as the
capacity of the battery is enhanced. This can stem from the production of polytetrafluo-
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roethylene, a material used in lithium-ion batteries, which contributes to both ozone layer
depletion and global warming emissions [42].

HT in the manufacturing stage shows an interesting pattern. It first decreases while
transitioning from diesel engines to electrification, but then increases as the size of the
battery becomes larger, as shown in Figure 4b. The production of ferrochromium for
low-alloyed steel, and the usage of lithium batteries, which contain potentially hazardous
metals and organic substances [43], are linked to this stage of HT. This rise also occurred
due to the electricity powering the machine. As a result, HT increases at all stages when
the electricity supply is ramped up from 25% to 100%.

As depicted in Figure 5a, AP exhibits a similar pattern to HT in the manufacturing
stage but shows a more significant impact due to electrification. In the maintenance and
end-of-life stages, AP tends to increase due to battery replacement and treatment. However,
during operation, AP diminishes as electrification levels rise. On the other hand, EP and
ME, respectively, as shown in Figures 5b and 6, conversely follow different trends in the
operation phase. The nitrogen oxides and sulfur dioxide emissions from the diesel engine’s
operation and diesel fuel manufacturing are mostly accountable for the acidification impact.
During the lifespan of diesel machinery, nitrogen oxides are also causing most of the
eutrophication [44]. Notably, transoceanic tankers and construction machines using diesel
fuel with 10 ppm sulfur, which primarily emit SO, and, to a lesser extent, NOx [45].
EP is also altered by factors such as the disposal of lignite and coal mining waste, on-
site petroleum production, and diesel combustion using construction equipment. Major
contributors to these results include phosphate and other oxidizable pollutants in water
bodies, as well as NOx emissions in the air [46]. Cobalt, nickel, and manganese in lithium-
ion batteries can also cause hazards, potentially polluting water and ecosystems if they
leach from landfills. The inappropriate disposal of batteries are linked to landfill fires or
battery recycling facility fires [47].

Sensitivity Analysis

The study found battery and diesel to be the two most dominant variants with a
substantial environmental impact across various categories. To evaluate the sensitivity
of the system to changes in these parameters, multiple sensitivity tests were conducted,
applying 10% increases and decreases in each input. These tests are detailed in Figure 7
and Table 6. The experiment was carried out using baseline scenario for the impacts, which
have been illustrated in the results section. Impact assessments were used to compare
scenarios involving diesel, hybrid, and electric equipment. Table 6 illustrates that GWP and
TE were significantly influenced by an increased fuel consumption and resultant tailpipe
emissions. Machine 1, solely powered by diesel, and machine 5 with 100% electrification,
respectively, showed the largest degree of change in GWP and TE.

The deviations curtail in GWP when the machinery is electrified, with a reduction
in diesel fuel usage in hybrid scenarios, and the smallest deviation displayed in the fully
electric machine. The impact of the battery was observed in all categories as its capacity
increased; however, the nominal variations in EP, ME, and the highest in TE were noted
with an increasing electrification, as shown in Figure 7. The battery manufacturing process
generates various emissions such as sulfur dioxide, nitrogen dioxide, and carbon diox-
ide [48]. These pollutants are produced mostly due to energy used in the production and
assembly phases of various battery cells and raw material processing [40,48].
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Figure 7. Sensitivity testing of system model to changes (+=10%) variations in diesel and battery values.

Table 6. (+) Breakdown in % of impact categories changes to inputs.

Impact Category Machine Type  Diesel (+10%) Battery (£10%)
1 9.83 0
2 9.78 0.04
Global warming (GWP) 3 9.61 0.14
4 9.1 0.40
5 0 5.45
1 9.80 0
2 9.51 0.30
Stratospheric ozone depletion (ODP) 3 8.90 0.83
4 2.74 0.48
5 0 8.68
1 7.97 0
2 7.19 0.82
Terrestrial acidification (AP) 3 4 2.69
4 3.5 3.59
5 0 6.64
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Table 6. Cont.

Impact Category Machine Type  Diesel (£10%) Battery (£10%)
1 1.34 0
2 0.85 3.42
Freshwater eutrophication (EP) 3 0.51 5.15
4 0.17 6.29
5 0 7.44
1 1.55 0
2 0.77 5
Terrestrial ecotoxicity (TE) 3 0.41 6.8
4 0.13 7.75
5 0 8.65
1 0.6 0
2 0.3 3.42
Marine ecotoxicity (ME) 3 0.2 5.12
4 0.07 6.18
5 0 8.39
1 0.41 0
2 0.34 0.71
Human carcinogenic toxicity (HT) 3 0.25 1.35
4 0.10 1.92
5 0 3.37

4. Discussion

Scenario 5 has the lowest impacts in GWP, ODP, and AP, given the decrease in using
diesel. In contrast, scenario 5 demonstrates a higher influence than scenarios 2, 3, and 4
in categories such as EP, ME, HT, and TE due to the maximum battery capacity in these
scenarios. For hybrid and fully electric scenarios, we assumed that the machine undergoes
with a single battery replacement. Therefore, as we move from scenario 1 to scenario 5, the
contribution of maintenance phase rises in almost all impact categories (Table 5), mainly
because the battery production phase increases its contribution to most of these categories.
Moreover, the sensitivity tests show that battery is one of the most sensitive parameters in
transition from fossil fuel to electrification, as evident in Table 6 and Figure 7.

A battery unit has four primary parts: the cathode, anode, electrolyte, and separator.
The most active elements for the cathode and anode in the lithium nickel cobalt manganese
(NCM) battery are therefore lithium nickel manganese cobalt oxide and graphene [49].
Using a Ni:Mn:Co molar ratio of 2:2:1, the NCM cathode and a graphite anode makes up
the current making of LIBs [50], which are most readily available in the market for energy
storage industries. Nickel and cobalt sulfate, used as cathode compounds, contribute to
photochemical ozone generation [51], which can damage humans and the environment.
Polytetrafluoroethylene (PTFE) binder and aluminum current collectors in the cathode
contribute to GWP, whereas the extraction and manufacture of nickel and cobalt salts
drive AP and ODP impacts [49]. Due to a high energy need, the production of aluminum
has a significant influence on the global warming potential [52]. The emissions also vary
depending on the battery production site. Although our analysis assumes batteries are
manufactured globally, the results could change if the batteries are produced in areas with
a cleaner energy mix. While this study did not evaluate this aspect, it is certainly worthy of
future research consideration.

The excavator must have enough capacity to be used for five to seven hours before
it needs to be charged. Cold and hot climate conditions could influence battery efficiency.
Power loss and aging could be reduced by providing adequate cooling and heating to the
battery system [53]. The charging infrastructure could also induce equipment operation and
lifecycle costs. Fast charging is crucial for heavy machinery due to limited battery capacity.
However, battery system design and charging mechanism depend on the local operating
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environment [53]. Although battery technology is continually evolving, reliability, quality,
specific energy consumption, and environmental pollution could decline. The current
research mostly addresses bus charging stations due to increasing electrification. For
the deployment of electric equipment in construction projects, it is important that the
local government, energy providers and equipment manufacturers should work in close
coordination to design charging infrastructure for electric gears. Future investigation
should consider this element.

Diesel components can be refined in many ways for the environment. These include a
deep hydro-treatment of straight run diesel, the esterification of fatty acids with alcohols,
the catalytic cracking of vegetable oils, hydrotreating vegetable oils over a catalyst, and the
usage of vegetable oils [7]. It is more logical to employ a selective analysis for producing
better quality products, notably hydrotreating vegetable oils over a catalyst and trans-
esterifying vegetable oils with alcohols [7,54]. Because of reducing oil reserves and poor
oil refining (85%), the development of alternative fuel technologies is important in the EU.
Currently, most of the on-road and off-road vehicles are relying on diesel engine since the
technologies are not fully matured, even though the new cars are equipped with batteries.
The drawback of conventional diesel engines is the harmful emissions, which are several
times higher than the standard ones [7,54]. Therefore, biodiesel could be a better alternative
to counter emission problems. The injection of biodiesel in conventional engines can reduce
the number of harmful emissions [54]. Moreover, it was found that Ni—Cd batteries can
be recycled more easily, even though the manufacturing process could require excessive
energy. Two factors primarily determine how much the recycling step reduces the overall
environmental damage [55]. The first is the direct emissions of the recycling technology
itself throughout the process and the indirect impacts of the use of energy supplies, the
second is the type and number of renewable products, which reflect their potential as raw
materials to produce disposable batteries. The gap between the two factors determines
recycling the environmental impact of technology. When the recycling process has a lower
environmental impact than the raw materials used in production, the overall environmental
impact decreases and vice versa [56]. As LiBs become more prevalent, the quantities of
important chemical components deposited will be equal to the number of LiBs used after
their lifespan has expired. Thus, recycling—the most environmentally friendly approach to
handle these wastes—must be taken seriously to decrease environmental toxicity, boost
revenue, reduce industrial dependency on imported or virgin materials, and preserve natu-
ral resources [38,57-60]. Recycling systems must reduce the number of waste or cases and
precisely extract valuable components [61]. The methods could be employed on a small-
scale, industrial, or commercial basis. Cobalt, lithium, manganese, and nickel, as recovered
metals, or their corresponding compounds, are not only precious metals, but also alter-
native precursors for novel battery compositions. Laboratories and companies recycle all
types of batteries using chemical and physical processes. Physical processes often include
pyrolysis, manual or mechanical separation, and dissolution, for example, [57,62] extracting
the electrolyte solution into organic solvents like ethanol or iso-butyl alcohol /water after
manually or mechanically dismantling LiBs. This reduces environmental pollution caused
by the hydrolysis of electrolyte salt, LiPF6, and the toxic electrolyte mixture. LiPF6 was
creatively converted for the first time by the authors of [62] into a useful chemical like
Li2SiF6. Wang and Yu [60] used LCA and discovered that recycling waste batteries can
significantly minimize their environmental impact. Silvestri et al. [63] found that manufac-
turing electrodes had the greatest environmental impact due to the inclusion of rare earths
in the negative electrode that require intensive mining. Quan et al. [64] employed LCA
to evaluate and contrast the environmental implications of lithium iron phosphate (LFP)
and lithium nickel cobalt manganese oxide (NCM) batteries and found that metal and
material recovery can lower environmental burdens. Jiang et al. [65] found that material
extraction, processing, and use phases dominated environmental performance. Particularly,
Dewulf et al. [58] led to the conclusion that the use of recycled materials may reduce energy
consumption by nearly 50 percent compared to the usage of virgin materials in production.
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Similarly, for sustainable development, Feng et al. [66] discovered that battery recycling
can reduce resource and environmental impact by 5-30%. Additionally, it was found that
the processing of metals in the materials used to make power battery cathodes significantly
contributes to resource and ecological concerns.

Currently, most of the research on the LCA of power batteries are based on the envi-
ronmental impacts of the battery manufacturing. Only a small number of studies analyzed
the environmental implications of the recycling process while others entirely disregard
them. This is because power battery recycling technology is still under development, and
it is difficult to achieve their statistics. Since the global demand for batteries is increasing
along with electrification, which is raising environmental concerns regarding the use of
resources and battery-related implications. The future research necessitates an effective
disposal of power batteries to substantially reduce their environmental impacts over the
course of their full life cycle.

5. Limitations

This research, although rigorous and detailed, is subject to a few limitations that
may affect its practical applicability. Therefore, it is recommended that its outcomes be
interpreted with due caution.

This study does not encompass certain components such as catalytic convertors,
braking systems, or filters in Life Cycle Inventory (LCI) processes due to data scarcity.
The specificity of data in LCI databases, rather than their general nature, could improve
future research and render comparisons more insightful. Thus, future studies should strive
to include these elements. The analysis considered non-biogenic diesel fuel usage and
lithium-ion (Li-ion) battery usage. Alternatives such as biodiesel or natural gas can alter
the outcomes in this study due to chemical compositions and environmental friendliness.
Moreover, we employed default ecoinvent data for battery manufacturing and overlooked
battery manufacturing emissions due to the absence of specific information. The energy
mix plays a crucial role in various industrial processes, including electricity, heating, and
transportation. For instance, in Norway, most energy consumption is fulfilled by renewable
sources like hydropower [67]. In case of coal-fired power plants, several studies suggest
that electric vehicles are less ecologically viable than fossil fueled ones [68]. Although
noise and air pollutants could be significantly reduced locally via electrification, global
CO; emission reduction will be determined by energy mix at various regions. The study
considered pollutants as per the EMEP /EEA guidelines. Future research should incorporate
a wider range of contaminants and an improved load factor. Real-world data should be
used to a greater extent, and the emission factors presented in the EMEP/EEA handbook,
which are based on steady-state engine dynamometer testing, need to be updated. The
engine degradation model represented cumulative engine hours for all exhaust gases
using a logistic distribution. Therefore, pollutant formation may differ by component.
The estimated energy intensity and emission parameters per hourly fuel consumption
may have led to an underestimation of cumulative emissions during operation. Thus,
pragmatic energy intensity and emission variables, and engine degradation models must
be considered. We assumed that all sulfur was converted to SO, during fuel combustion.
This premise may be valid only in the absence of catalytic converters. However, all modern
equipment are equipped with catalytic converters to perform desulfurization (DeSOx)
and denitrogenating (DeNOXx), reducing oxidized sulfur and nitrate. Fuel consumption
depends on equipment usage and job environment. We counted only the productive
lifespan of equipment, disregarding worksite specifications with the presumption of a
medium operation condition. The machine would be recharged after seven hours of
operation. Both charging infrastructure and battery system depends on local operating
conditions. The battery capacities for electric and hybrid cases could also vary due to them.
Therefore, the result would also alter due to the consideration of these parameters. Thus,
future investigation necessitates a robust LCI.
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6. Conclusions

Due to the extensive usage of heavy machinery in the construction sectors, the con-
structive activities produce greater rates of emissions. As climate concerns rise, addressing
emission reduction is crucial to meet increasingly stringent emission controls. Although
electrification and green energy alternatives are proposed, such approaches are at the early
phases of development and are not yet prepared to be applied in construction. This study
discloses substantial variation in environmental impact across differing levels of machinery
electrification. The environmental consequences extend beyond merely global warming
potential (GWP), and include impacts on ozone depletion potential (ODP), acidification
potential (AP), terrestrial ecotoxicity (TE), human carcinogenic toxicity (HT), freshwater
eutrophication (EP), and marine ecotoxicity (ME).

For GWP, ODP, and AP, diesel-powered machinery (scenario 1) records the most sig-
nificant impacts, while hybrid and fully electric machinery (scenarios 2-5) demonstrate a
considerable reduction in these environmental categories. This indicates that transition-
ing to electrified machinery can greatly alleviate global warming, ozone depletion, and
acidification impacts associated primarily with the operation phase of machinery life.

However, in contrast, increasing electrification escalates environmental impacts in the
categories of TE, HT, EP, and ME. This underscores that while electrification can alleviate
some environmental loads, it introduces others, notably due to battery manufacturing and
disposal processes. Hence, while the transition to electrified machinery is beneficial from a
climate change perspective, it does introduce new environmental challenges that must be
carefully managed.

Therefore, a transition toward more electrified machinery must consider these trade-
offs. Future technological and research efforts should focus on improving the environmental
profile of battery production and disposal. Similarly, policy makers should familiarize
themselves and decisions should be based on these trade-offs when encouraging the elec-
trification of construction machinery. Ultimately, the road toward sustainable construction
practices must encompass a holistic consideration of environmental impacts across the
lifecycle of machinery, not merely focusing on operational emissions.
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