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Abstract
Decarbonizing temperature-controlled road freight is essential to sustainable food systems 
but complicated by the added energy demand of refrigeration. We perform a cradle-to-
grave life cycle assessment (LCA) of 40—ft refrigerated containers comparing a diesel me-
chanical refrigerated container (MRC) with a battery-driven lithium refrigerated container 
(LRC). This study focuses on climate change impacts expressed as life cycle greenhouse 
gas (GHG) emissions (CO₂-equivalent). Under a China grid baseline, life-cycle GHG emis-
sions are effectively equal: 60.97 vs 61.04 g CO₂e/(t·km) for MRC and LRC, respective-
ly—a marginal + 0.12% for LRC. Operation dominates (~ 95% of life-cycle GHGs), led by 
traction energy. Although electrifying the refrigeration unit lowers use-phase emissions, 
gains are offset by (i) the mass penalty of the battery pack, which raises traction energy, 
and (ii) upstream emissions from battery manufacturing on a carbon-intensive grid. Sen-
sitivity analyses show LRC becomes favorable with cleaner electricity, lower-emission 
battery production and recycling, low-GWP/low-leakage refrigerants, and reduced empty 
running. Conversely, when grid carbon intensity is high, electrifying refrigeration alone 
yields negligible benefit. Larger near-term mitigation likely comes from electrifying vehi-
cle drive, power-system decarbonization, and logistics optimization. Additionally, although 
the LRC entails a modestly higher upfront investment, its lower operational energy demand 
translates into improved life-cycle economic performance. These results provide a trans-
parent baseline for comparing lithium-battery and mechanical refrigeration pathways and 
clarify the grid, mass, and refrigerant conditions under which refrigeration electrification 
delivers measurable GHG reductions. The future research could extend this framework 
by incorporating non-CO₂ climate forcers, air pollutant emissions, and broader material-
related environmental impacts to enable a more comprehensive sustainability assessment.
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1  Introduction

The transportation sector accounts for roughly one-quarter of global energy-related carbon 
dioxide (CO₂) emissions, making it a major contributor to overall greenhouse gas (GHG) 
emissions (Huo et al., 2024a; Zhang et al., 2024a,2024b). In China, 9% of total GHG emis-
sions come from the transportation sector (Zhang et al., 2024a, 2024b). Within this sector, 
refrigerated transportation is especially energy-intensive because it must sustain continu-
ous temperature control to preserve food freshness and safety (Dong et al., 2025; Kaptan & 
Bayazit, 2023). Its climate impact is further amplified by the relatively low operating energy 
efficiency of refrigeration units and the use of high Global Warming Potential (GWP) refrig-
erants (Han et al., 2024). Some assessments report that about 15% of global fossil-fuel energy 
is used for refrigerated food transportation and that ~ 40% of its GHG emissions arise directly 
from refrigeration equipment (Aliu et al., 2022). In China, high energy costs constrain cold-
chain adoption: current refrigerated transport rates are only 15% for fruits and vegetables, 
57% for meat, and 69% for aquatic products, and insufficient cold-chain operations are linked 
to annual food losses of about 70 billion yuan—roughly 20% of total production value (Liu 
et al., 2024). Against this backdrop, expanding cold-chain coverage while cutting GHG 
emissions necessitates replacing diesel-based systems with lower-carbon energy carriers and 
refrigerants, laying the groundwork for the pathway analyses in this study.

Electrification is widely promoted as a cornerstone of transport decarbonization, and 
adoption is accelerating—China's market share of electric vehicles (EVs) reached over 60% 
globally in 2023, and it is expected to continue to grow (Zhang et al., 2025). Beyond zero 
tailpipe emissions, EVs offer higher drivetrain efficiency and rapidly improving battery 
technology (energy density, safety, cost) (Moreno Sader et al., 2025). Empirical estimates of 
the mitigation benefit, however, span a wide range because system boundaries and operating 
contexts differ. For light-duty use under relatively clean grids, studies report sizable reduc-
tions: EVs could cut GHGs by ~ 47% in Guo et al. study and ~ 22.6% in Farzaneh and Jung 
study, respectively (Farzaneh & Jung, 2023;Guo et al., 2023a). Yet under carbon-intensive 
power, electrification can underperform: Moreno Sader et al. found electric trucks emitting 
roughly twice those of diesel due to high grid intensity, and a global-mix case for a Volvo 
model shows only a 6.90% reduction potential (Moreno Sader et al., 2025; Volvo Cars, 
2022). These discrepancies are systematic rather than contradictory. They arise from (i) 
scope choices (tank-to-wheel vs well-to-wheel vs cradle-to-grave, inclusion of battery man-
ufacturing and end-of-life), (ii) electricity assumptions (average vs marginal grid intensity, 
charging time/location, renewable matching), and (iii) duty-cycle realities (vehicle class, 
speed/load profiles, ambient temperature). For refrigerated transport specifically, auxiliary 
cooling loads and battery mass can erode efficiency gains, while depot charging with low-
carbon electricity can amplify them. The implication is clear: electrification delivers robust 
emissions cuts when paired with cleaner power and use-case-appropriate design/operation; 
without grid decarbonization and smart charging, benefits shrink and can invert—especially 
for heavy, refrigeration-equipped duty cycles.
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Building on passenger-car electrification, technology and supply-chain spillovers are 
accelerating the shift to electric transport refrigeration. In China, electric refrigerated trucks 
now hold 8.76% market share, and Original Equipment Manufacturers (OEMs) are com-
mercializing electric Transport Refrigeration Units (TRUs), e.g., Carrier’s unit is estimated 
to cut annual operating expenditure by ~ 2,300 CNY (Chinese association of refrigeration, 
2025). At the container scale, lithium-battery systems report up to 89.17% operating-cost 
savings (He et al. 2024). Yet most evaluations emphasize use-phase energy while over-
looking cradle-to-grave burdens—battery and power-electronics manufacturing, additional 
vehicle mass, refrigerant choice and leakage, maintenance, and end-of-life—risking burden 
shifting across life-cycle stages. Given China’s high-carbon grid, upstream electricity and 
battery production can also erode or reverse operational gains. These uncertainties motivate 
a full Life Cycle Assessment (LCA) that moves beyond the refrigeration subsystem to the 
vehicle–container system and tests sensitivity to grid carbon intensity, battery sizing, and 
refrigerant GWP to determine whether electrified refrigeration delivers net emission reduc-
tions in the near term.

To bridge the gap between promising trial-phase savings and system-wide climate out-
comes, we conduct a cradle-to-grave LCA of 40—ft Mechanical Refrigerated Containers 
(MRCs) versus battery-powered Lithium Refrigerated Containers (LRCs). The model spans 
raw-material extraction and manufacturing (battery/engine, compressor, box and insula-
tion), assembly and distribution, the use phase (traction and refrigeration energy under an 
identical duty cycle, refrigerant charge/leakage, maintenance), and end-of-life (recycling/
disposal), with a harmonized functional unit (per t·km of cooled freight at a fixed set-point) 
and region-specific energy carbon intensities. We compare total GHG emissions and decom-
pose stage contributions, then run sensitivity tests for key levers—including grid carbon 
intensity and charging mix, battery mass and cycle life, refrigerant type/leakage, ambient 
temperature and heat load, and empty-running/vehicle utilization—to pinpoint when and 
why battery-powered LRCs deliver net reductions. The results inform targeted promotion 
strategies (e.g., cleaner charging, low-GWP refrigerants, weight/route optimization) to 
unlock robust emission cuts beyond operational cost savings.

2  Materials and methods

2.1  Goal and scope definition

2.1.1  The goal of study

This study develops a life cycle GHG emission model for the diesel-driven MRC and the 
proposed battery-powered LRC using the LCA method following ISO 14044 and ISO 14067 
standards ( ISO 14044, 2006; ISO 14067,2018). By comparing the environmental impacts 
of the two systems, this study highlights critical emission differences, and proposes targeted 
strategies to promote the sustainable development of next-generation refrigerated trans-
port technologies. Consistent with ISO 14067, this study is explicitly designed as a carbon 
footprint assessment focusing on climate-change impacts expressed in CO₂-equivalents. 
Accordingly, non-CO₂ climate forcers (e.g., black carbon) and other environmental impact 
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categories, such as air pollutant emissions (e.g., NOₓ, SO₂, particulate matter), photochemi-
cal ozone formation, and ozone depletion, are excluded from this assessment.

This study examines two 40-foot refrigerated containers manufactured by CRRC Cor-
poration Limited (https://www.crrcgc.cc/en/), the second-largest producer of refrigerated ​c​
o​n​t​a​i​n​e​r​s in China. Technical specifications for both containers were obtained directly from 
CRRC. The two container types, i.e., MRC (Fig. 1a) and battery-powered LRC (Fig. 1b), 
use the same refrigerant, R404A, with a charge amount of 6 kg. However, they are equipped 
with different refrigeration systems: the MRC utilizes the SLXe-400 unit, while the battery-
powered LRC is fitted with the CRRC-KX1200EW unit. The MRC's refrigeration unit is 
powered by a diesel engine, whereas the LRC's unit is driven by a lithium battery (see 
Fig. 1c). In the LRC system, refrigeration is powered by electricity supplied by onboard 
lithium battery energy storage, decoupling cooling demand from diesel combustion during 
operation. Despite these differences, both container types rely primarily on diesel fuel for 
transportation. This study assumes that heavy-duty refrigerated transport equipment is die-
sel-powered, with pure lithium—battery—driven solutions not being considered. The pri-
mary reason is that under the current technological conditions, electric heavy—duty trucks 
still face significant constraints in long—distance heavy—load transportation. Restricted 
by the energy density of lithium batteries, to achieve a driving range of hundreds of kilo-
meters, large—capacity batteries need to be configured. The weight of these batteries will 
significantly occupy the legal cargo—carrying mass and impair the transportation economy. 
Meanwhile, the purchase cost of the entire vehicle equipped with power batteries is sig-
nificantly higher than that of diesel vehicles of the same class. In addition, the charging 
time and infrastructure requirements brought about by large—capacity batteries are difficult 
to meet the demands of high—frequency continuous operation. Overall, under the current 
conditions of load capacity, driving range, cost and energy—supplementing conditions, 
lithium—battery—driven solutions are still difficult to meet the actual operational needs of 
heavy—duty refrigerated transportation. Therefore, diesel power is adopted as the bench-
mark assumption in this paper.

2.1.2  Functional unit

The functional unit (FU) of this study is defined as grams of CO₂-equivalent emissions per 
tonne-kilometer of goods transported, expressed as g CO₂eq/(t·km). This unit is widely 
adopted in environmental assessments of freight transport systems and is consistent with the 
Product Environmental Footprint Category Rules (PEFCR) guidance for transport-related 
products, as well as ISO 14044 and ISO 14067 standards. The selection of this turnover-
based functional unit ensures a comparative basis between different refrigerated container 
systems—specifically the conventional MRC and the proposed battery-powered LRC. It 
reflects the environmental burden per unit mass of cargo moved over a unit distance, thereby 
capturing the combined influence of emissions from energy consumption, refrigeration effi-
ciency, and logistics performance across the full life cycle.

2.1.3  System boundary

This study adopts a cradle-to-grave system boundary for both the MRC and the battery-
powered LRC, encompassing all relevant life cycle stages as illustrated in Fig. 2. The analy-

https://www.crrcgc.cc/en/
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sis is structured into four main phases: production, transport and assembly, operation and 
maintenance, and end-of-life recycling. In the production stage, the system includes the 
extraction and processing of raw materials, as well as the manufacturing and assembly of 
key components such as the enclosure structure, refrigeration unit, and the power system, 
represented by a diesel engine in the case of MRC and a lithium-ion battery in the case of 
LRC. The use of refrigerant (R404A) is also accounted for, including its production and ini-
tial charging. The transport and assembly stage includes emissions arising from the logistics 
of delivering components to the assembly site, on-site integration of refrigeration and power 
systems, and the deployment of the final container to its operational location. This stage also 
considers potential refrigerant leakage during initial installation. The operation and mainte-
nance stage captures the energy consumed during the use phase, including diesel combus-
tion for MRC and electricity usage for LRC battery charging, as well as regular maintenance 
activities and fugitive emissions due to refrigerant leakage over time. Finally, the recycling 
stage accounts for the disassembly, material recovery, and final disposal of container com-
ponents, incorporating emissions from energy used in dismantling and transport, avoided 
burdens from material recycling, and residual emissions from landfilling or incineration. 
Infrastructure related to roads, ports, and warehouses, as well as human-related activities, 
are excluded from the system boundary. To focus on climate change impacts reflected by 
life-cycle GHG emissions expressed as CO₂-equivalents, material-related impacts beyond 
GHG emissions, such as resource depletion and toxicity associated with battery materi-
als, are not assessed and therefore fall outside the scope of this carbon footprint–oriented 
study. A 20-year service life is assumed for both container types to ensure comparability, 
and functional equivalence in cooling performance, payload, and transport characteristics is 
maintained throughout the analysis (Fig. 2).

2.1.4  Data source and quality

The life cycle inventory (LCI) data used in this study was obtained from a combination 
of peer-reviewed scientific literature, direct communication with relevant enterprises, and 
publicly available databases provided by national regulations, industry standards, and tech-
nical guidelines. These sources collectively ensure transparency, credibility, and represen-
tativeness of the data applied in modeling the environmental performance of the MRC and 
the battery-powered LRC. For both systems, we conducted a comprehensive review and 
critical evaluation of the available information to extract key inventory parameters, includ-
ing material composition, energy and fuel consumption, refrigerant use and leakage rates, 
transportation logistics, and end-of-life treatment processes. Special attention was given to 
capturing the specific characteristics of each container type—such as the lithium-ion battery 
system in the LRC and the diesel engine in the MRC—to reflect technological differences 
in inventory modeling. The compiled data were then used to construct complete LCIs for 
both MRC and battery-powered LRC across all stages: production, transport and assembly, 
operation and maintenance, and recycling. Wherever possible, region-specific and technol-
ogy-specific data were applied to enhance the geographical and temporal relevance of the 
assessment. Data set developed for each supply chain stage is presented in Sect. 2.2. Data 
analysis was performed using Microsoft Excel 2021, and data visualization was conducted 
using OriginPro 2025b.



1 3

Life cycle climate impacts of lithium battery–powered refrigerated…

2.2  Life cycle inventory analysis

The LCA model considers environmental impacts across the material production, transpor-
tation and assembly, operation and maintenance and recycling stages, aggregating them to 
estimate the overall GHG emission of the specific transport refrigeration unit. The formula 
for calculating GHG emissions throughout the entire life cycle of refrigerated containers 
is consistent for mechanical and lithium battery refrigerated containers. The primary dif-
ference is that mechanical and lithium battery refrigerated containers use different energy 
methods to drive the refrigeration units, diesel and electricity respectively. The total GHG 
emissions (C) for the entire life cycle are calculated using Eq. (1) based on actual condi-
tions. The detailed emission factor for each stage is summarized in Supporting Information.

	 C = CP + CT A + COM + CR� (1)

2.2.1  Production stage

During the production stage, GHG emissions arise primarily from energy and material 
inputs. These inputs are required to manufacture the container’s key components, including 

Fig.  2  System boundaries of the MRC and battery-powered LRC, covering production, transport and 
assembly, operation and maintenance, and recycling stages, including key sources of GHG emissions
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the enclosure structure, the power unit (i.e., diesel engine for MRC or lithium-ion battery for 
LRC), and the refrigeration system (comprising both the mechanical unit and refrigerant). 
Production-stage emissions (CP ) are quantified using Eq. (2) and represent the embodied 
GHG emissions of these materials and subsystems prior to assembly.

	 CP =
∑

mi × βP −i� (2)

where mi is the weight of material i, in kg; CP −i is the GHG emissions factor of material 
i in kg CO2eq/kg.

Specifically, the carbon footprint of the refrigeration unit and refrigerant during the pro-
duction process is 17.27 kg CO₂eq/kg and 30.00 kg CO₂eq/kg, respectively, as reported in 
Wu et al., (2022a, 2022b). For the battery-based LRC system, the power unit consists of a 
lithium iron phosphate (LFP) battery with a rated capacity of 282 kWh. The production-
related carbon intensity for LFP batteries is estimated at 95.1 kg CO₂eq/kWh, based on Feng 
et al. (2022), resulting in a total battery-related emission of approximately 26,816 kg CO₂eq. 
For the container’s enclosure structure, the production emission is calculated based on the 
total weight of component materials (e.g., steel, insulation foam, and aluminum) and their 
respective emission factors, resulting in an average production carbon intensity of 3.42 kg 
CO₂eq/kg, as reported by Wang et al. (2025). All input data and emission factors applied 
in the production stage are summarized in Table 1, which forms the basis for the inventory 
modeling of this stage.

2.2.2  Transport and assembly stage

The transportation of equipment components is a critical part of the refrigerated container 
assembly process, involving the movement of major subsystems—such as the enclosure 
structure, refrigeration unit, diesel engine, or lithium battery—from the manufacturing site 
to the final assembly center. This stage results in GHG emissions primarily due to fuel con-
sumption by transport vehicles. The unit fuel consumption for component transportation 
is estimated at 4.45 × 10–5 L/(kg.km), as reported in Wu et al. (2022a), and forms the basis 
for calculating energy-related emissions in this phase. In addition to fuel-related emissions, 
direct GHG emissions from refrigerant leakage during the installation of refrigeration sys-
tems are also considered. Based on Fabris et al. (2024), a leakage rate of 2% of the total 
refrigerant charge is applied to reflect installation-stage losses. The total GHG emissions 
for the transport and assembly stage, denoted as CT A, are calculated using Eq. (3), which 
integrates both fuel-based emissions and refrigerant-related impacts.

Component Weight/Capacity Emission factor Source
Enclosure 
structure

1687.8 kg 3.42 kg CO2eq/kg (Wang et 
al., 2025)

Refrigerator 380 kg 17.27 kg CO2eq/kg (Wu et al. 
2022)

Refrigerant 6 kg (R404A) 30 kg CO2eq/kg (Wu et al. 
2022)

Lithium battery 1800 kg (282 
kWh)

95.1 kg CO2eq/kWh (Feng et 
al., 2022)

Table 1  LCI data for the produc-
tion stage
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	 CT A =
∑

mj × Dj × f + LT A × GWP � (3)

where mj  represents the weight of component j, in kg; Dj  represents the distance from the 
assembly line to the assembly center, in km; f  denotes the GHG emissions factor of the 
vehicle, in kg CO2eq/(kg.km); LT A is the refrigerant leakage during the transportation and 
assembly stage, in kg; GWP  is the global warming potential of refrigerant.

2.2.3  Operation and maintenance stage

During the operation and maintenance stage, GHG emissions arise from both indirect 
energy consumption and direct refrigerant leakage. Indirect emissions result from the use 
of energy by the traction device (i.e., truck or transport vehicle) and the refrigeration unit, 
while direct emissions are attributed to the leakage of refrigerants during operation—often 
caused by vibrations, temperature fluctuations, and mechanical wear during long-distance 
transportation. The total GHG emissions associated with this stage, denoted as COM ​, are 
calculated using Eqs. (4) to (6).

	 COM = E1 × βE + E2 × βf + LOM × GWP � (4)

	 E1 = ECR ÷ COP ÷ θ × N × Y × (1 − REL) × 24� (5)

	 E2 = FC1 × D × (1 − REL) × N × Y + FC2 × D × REL × N × Y � (6)

where E1 represents the refrigeration energy consumption over the entire life cycle, in kWh; 
βE represents the emission factor of the energy used by the diesel engine or lithium battery, in 
kg CO2eq/kWh; E2 represents the total energy consumption required for driving over the entire 
life cycle, in kWh; ECR represents the refrigeration capacity of the refrigeration unit, in kW; 
LOM  represents the leakage of refrigerant during operation, in kg; N  represents the number 
of transport trips in a year; Y  represents the service life of the equipment; REL represents the 
empty-loaded rate; FC1 represents the fuel consumption when fully loaded, in L/km; FC2 
represents the fuel consumption when empty, in L/km; D represents the transportation distance 
per trip of the equipment, in km; βf  represents the emission factor of diesel, in kg CO2eq/kWh.

In this study, it is assumed that diesel fuel is used to power the traction devices of both 
container types. For refrigeration, MRC systems consume diesel fuel, whereas battery-based 
LRC systems utilize electricity stored in lithium battery packs. Refrigerated containers are pri-
marily employed for transporting frozen products, with the internal temperature maintained 
at –18 °C. Under these conditions, the coefficient of performance (COP) of the refrigeration 
system is assumed to be 0.8, based on Wu et al. (2022a). In terms of refrigerant emissions, it 
is estimated that 25% of the refrigerant charge leaks annually during the operational phase, 
consistent with real-world cold chain operation data reported by Wu et al. (2022a).. The 
refrigerant used in both systems is R404A, which has a GWP of 4,728 over a 100-year time 
horizon, according to the Intergovernmental Panel on Climate Change (IPCC) Sixth Assess-
ment Report (AR6). The emission factors applied in this stage are 2.58 kg CO₂eq/L for diesel 
fuel and 0.56 kg CO₂eq/kWh for electricity, based on data from Cui et al. (2025) and Ritchie 
et al. (2020), respectively. All input data relevant to this stage, including emission factors, 
energy use assumptions, and refrigerant leakage rates, are summarized in Table 2.
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2.2.4  Recycling stage

The standard operational lifespan of a refrigerated container is assumed to be 20  years, 
after which the unit is decommissioned. The end-of-life stage involves a combination of 
recycling and disposal processes targeting the enclosure structure, power system (diesel 
engine or lithium battery), refrigeration unit, and refrigerant. This stage is crucial for mini-
mizing both environmental impacts and resource loss, and its associated GHG emissions are 
denoted as CR, calculated using Eq. (7).

	 CR =
∑

mi × θi × βR−i� (7)

where θi is the material i recovery rate; βR−i denotes the recycling GHG emission factor 
for material i, in kg CO2eq/kg.

During decommissioning, the refrigeration unit and remaining refrigerant are partially 
recovered. The carbon footprint associated with the recovery and treatment of refrigeration 
units and refrigerants is estimated at 6.6 kg CO₂eq/kg and 305.6 kg CO₂eq/kg, respectively, 
based on Wu et al. (2022a). It is assumed that only 10% of the refrigerant is successfully 
recovered, while the remaining 90% is emitted directly into the atmosphere, contributing to 
substantial climate impact due to the high GWP of R404A. For the battery-powered LRC 
system, the recycling of LFP batteries is also considered. The carbon emission intensity for 
LFP battery recycling is estimated at 2.9 kg CO₂eq/kWh, based on (Tao et al., 2023). The 
recovery and treatment of the enclosure structure are modeled using an average emission 
intensity of 1.83 kg CO₂eq/kg, as reported by Wang et al. (2025). These assumptions and 
emission factors form the basis for calculating end-of-life impacts and are incorporated into 
the overall life cycle model to ensure a complete cradle-to-grave assessment.

2.3  Life cycle cost assessment

When conducting a life-cycle cost analysis, enterprises must take into account the total cost 
of refrigerated containers from their initial purchase to final disposal (Hao et al., 2024; Li et 
al., 2024). This includes the initial purchase cost, operating cost, and final disposal cost of 
both types of containers (see Eq. 8). The initial purchase cost is provided by the equipment 
manufacturer, with MRC and battery-based LRC being $34,000 and $45,000 respectively. 
According to China’s current purchase subsidy policies for new EVs, the acquisition cost 

Variable Quantity Source
Annual leakage rate of refrigerant 25% (Wu, et al. 

2022)
The emission factor of diesel (kg 
CO2eq/L)

2.58 (Cui et al., 
2025)

The emission factor of electricity (kg 
CO2eq/kWh)

0.56 (Ritchie et. 
al 2020)

Full-loaded fuel consumption (L/100 
km)

35 Survey data

Empty-loaded fuel consumption (L/100 
km)

28 Survey data

Empty-loaded rate 50% Survey data

Table 2  The LCI data during the 
operation and maintenance stage
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of the battery-based LRC can be substantially reduced through policy incentives: under the 
vehicle scrappage-and-replacement subsidy scheme, the purchase cost can be lowered from 
$45,000 to approximately $25,000, while under the early scrappage subsidy scheme, the 
cost can be reduced to around $40,000, thereby significantly enhancing its economic viabil-
ity and market competitiveness. The final disposal cost is uniformly assumed to be 10% of 
the initial purchase cost to reflect the costs related to equipment retirement, dismantling, and 
residual value processing. The operating cost mainly consists of energy consumption cost 
and maintenance cost, with the maintenance cost calculated using the proportion method. 
Considering the complex structure, numerous components, and high requirements for lubri-
cation and regular maintenance of diesel engine systems, the maintenance cost of MRC 
is set at 15% of its initial purchase cost; in contrast, the mechanical structure of battery-
based LRC driven by lithium batteries is relatively simplified and has a lower maintenance 
frequency, with its maintenance cost assumed to be 7.5% of the initial purchase cost. This 
differentiated setting is consistent with the conclusion in existing studies that there is a 
significant difference in maintenance costs between fuel-powered transportation equipment 
and electric transportation equipment (Guo et al., 2023b; Qiao et al., 2020). This analysis 
ensures that companies have a comprehensive understanding of the financial implications of 
refrigerated container ownership, from the outset through to the end of its lifecycle.

	 Q = Q1 + Q2 + Q3� (8)

	 Q2 =
∑

E × PE + QM � (9)

where Q is the life-cycle cost, in dollars; Q1 is the acquisition cost, in dollars; Q2 is the 
operation and maintenance cost, in dollars; Q3 is the disposal cost, in dollars; E is the total 
amount of energy required for a refrigerated container over its entire life cycle, in kWh; PE  
is the price of the energy, in dollars/kWh; QM  is the maintenance cost, in dollars.

3  Results and discussion

3.1  Life cycle GHG emission assessment

Figure 3 compares the life cycle GHG emissions of the diesel-based MRC and the battery-
powered LRC across four stages. The total GHG emissions amount to 60.97 g CO₂eq for 
the MRC and 61.04 g CO₂eq for the battery-based LRC per functional unit, corresponding 
to a marginal increase of 0.12% for the battery-powered system. This negligible differ-
ence reveals a critical trade-off in the current system configuration: while the battery-based 
LRC achieves lower operational emissions through electrified refrigeration, this advantage 
is significantly offset by its higher transport-related emissions. The key driver of this trade-
off is the weight disparity between the two systems. The lithium battery pack of the LRC 
weighs approximately 1,800 kg, compared with 772 kg for the diesel engine used in the 
MRC, resulting in a total unit weight of 3.91 t for the battery-based LRC versus 2.88 t for 
the MRC. As transport-stage emissions scale with payload mass under diesel-based trucking 
assumptions, the additional battery weight increases fuel consumption and associated GHG 
emissions, particularly in long-haul operations (Moreno Sader et al., 2025). This finding 
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highlights the sensitivity of climate performance to system design choices under current 
freight transport conditions.

The operation and maintenance stage is the predominant contributor to total emissions 
in both systems, accounting for 95.91% of emissions in MRC (58,47 g CO₂eq) and 95.49% 
in battery-powered LRC (58,28 g CO₂eq). This small difference is largely due to the energy 
source and conversion efficiency. The diesel-based MRC relies on diesel combustion via a 
relatively inefficient engine to power its refrigeration system, resulting in high fuel-related 
emissions ( Volvo Cars , 2023). In contrast, battery-powered LRC employs battery-electric 
refrigeration powered by onboard lithium iron phosphate (LFP) batteries, enabling higher 
energy conversion efficiency and reduced reliance on diesel fuel during operation (Moreno 
Sader et al., 2025). This electrification of the refrigeration function constitutes the main 
source of operational GHG mitigation in the battery-based LRC system.

However, this operational advantage is partly counterbalanced by higher emissions in the 
production stage for the battery-powered LRC (1.12 g CO₂eq) compared with the diesel-
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Fig.  3  The GHG emissions distribution for the diesel-based MRC (a) and battery-powered LRC (b) 
across their life cycle. The large circles represent total GHG emissions, while the zoomed-in smaller 
circles highlight contributions from the operation & maintenance stage. Values are shown in g CO₂eq/
(t.km) and percentage share of total emissions
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based MRC (0.75 g CO₂eq). This increase is driven by the material- and energy-intensive 
manufacturing of LFP batteries, which require substantial inputs of metals and electricity 
(Guo et al., 2023a, 2023b). As the present assessment focuses on climate-change impacts 
expressed as CO₂-equivalent emissions, material-related environmental impacts beyond 
GHG emissions (e.g., resource depletion or toxicity) are not explicitly addressed. Moreover, 
the magnitude of production-stage emissions is highly dependent on the electricity mix used 
in battery manufacturing, underscoring the importance of low-carbon power systems in 
maximizing the climate benefits of battery-based technologies (Feng et al., 2025).

At the end-of-life stage, the battery-powered LRC exhibits greater potential for GHG 
mitigation through improved recycling of battery materials. Advanced recycling path-
ways can recover valuable materials and offset upstream emissions, thereby enhancing the 
net climate performance of the LRC over its full life cycle. Overall, these results identify 
the operation stage as the dominant environmental hotspot while emphasizing that future 
improvements in battery energy density, manufacturing decarbonization, freight electrifica-
tion, and recycling efficiency will be critical to unlocking the full climate mitigation poten-
tial of battery-powered refrigerated containers (Jiang et al., 2025; Moreno Sader et al., 2025; 
Quan et al., 2025; Wan et al., 2025).

3.2  Sensitivity analysis

To better understand the influence of key parameters and technological assumptions on the 
life cycle GHG emissions of battery-powered LRC, a sensitivity analysis was conducted 
following LCA best practices. This analysis focuses on three critical stages identified as 
environmental hotspots or intervention points in the baseline scenario: (1) LFP battery pro-
duction, (2) operational electricity use, and (3) end-of-life recycling technologies. Specifi-
cally, for the production stage, we modeled changes in GHG emissions associated with LFP 
battery manufacturing, with an emphasis on variations in the carbon intensity of raw material 
supply and energy input. For the operation stage, we compared the GHG emissions of LRC 
under different national electricity grid mixes, reflecting country-specific fossil fuel shares 
and renewable energy integration in 2024. Finally, for the recycling stage, we evaluated three 
mainstream LFP recycling pathways—hydrometallurgical recycling, physical recycling, and 
cascade utilization—to examine their potential to reduce end-of-life carbon emissions.These 
scenario-based simulations allow us to quantify the sensitivity of LRC’s environmental per-
formance to improvements in upstream production efficiency, regional electricity decarbon-
ization, and end-of-life circularity. Results are presented in Fig. 4, with all values expressed 
in g CO₂eq/(t·km) to ensure consistency with the functional unit defined earlier.

As illustrated in Fig. 4a and b, reductions in the carbon intensity of LFP production—
either through cleaner electricity or more efficient raw material use—have a measurable 
impact on the production-stage emissions of LRC. When the carbon intensity of LFP manu-
facturing is reduced by 20% (from 100 to 80%), the GHG emissions in the production stage 
decline from 1.12 to 0.97 g CO₂eq/(t·km), representing a 13.3% reduction. However, this 
translates into only a marginal 0.24% decrease in total life cycle GHG emissions (from 
61.04 to 60.89 g CO₂eq/(t·km)). This asymmetry underscores the fact that while LFP manu-
facturing is carbon intensive, the operation stage remains the dominant hotspot, limiting the 
influence of upstream optimization on overall system performance. It also reflects the struc-
tural challenges under China’s fossil-fuel-heavy electricity grid, where both battery produc-
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tion and operational electricity use are indirectly affected by high grid carbon intensity. 
Given that raw material extraction contributes around 40% of total LFP production emis-
sions (Manjong et al., 2024), further reductions in the production footprint would require 
simultaneous decarbonization of both electricity inputs and material supply chains. In con-
trast, Fig. 4c shows that changes in the carbon intensity of electricity used during opera-
tion have a more pronounced effect on the battery-based LRC's overall GHG emissions. 
The modeled scenarios indicate that countries with cleaner electricity grids, such as France 
(nuclear-dominated) and Sweden (renewables-dominated), offer significantly better envi-
ronmental outcomes. Compared with China’s baseline scenario, switching to the electricity 
structure of France or Sweden reduces the operational emissions of LRC by 6.0%—6.1%. 
At the full life cycle level, this translates to around 5.8% lower total emissions compared 
to MRC. However, in carbon-intensive regions such as Mongolia, where the electricity 
mix is predominantly coal-based, the battery-based LRC emissions during operation can 
exceed those of MRC—by as much as 2.6%—demonstrating that electrification alone is 
not a guarantee of climate benefit unless supported by low-carbon power sources. Figure 4d 
explores the sensitivity of end-of-life emissions to different battery recycling technologies. 
Among the three methods analyzed—hydrometallurgical recycling, physical recycling, and 
cascade utilisation—the latter proves to be the most environmentally beneficial, reducing 
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recycling-stage emissions from 1.51 to 0.69  g CO₂eq/(t·km), a 54.0% reduction. Physi-
cal recycling achieves a moderate footprint of 1.12 g CO₂eq/(t·km), equating to a 25.5% 
reduction compared to hydrometallurgy. However, the technical feasibility of cascade use 
is currently constrained by battery quality requirements and market demand for secondary 
applications, while physical recycling faces challenges related to electricity consumption, 
equipment cost, and system complexity.

Together, these findings emphasize a system-level understanding of climate mitigation 
strategies for refrigerated container technologies. While upstream improvements in battery 
production and downstream recycling can contribute to emissions reduction, their impacts 
are often constrained or diluted without broader structural changes—particularly in the elec-
tricity mix during the operation phase. Therefore, to unlock the full potential of battery-
based LRC in decarbonizing cold chain logistics, a coordinated approach is required, one 
that combines clean energy transition, green material sourcing, and efficient circular end-of-
life management. Furthermore, this analysis highlights the importance of regionalized LCA 
modeling, as identical technologies can yield divergent environmental outcomes across dif-
ferent national contexts.

3.3  Evaluation of emission reduction measures

Figure 5 compares the life cycle GHG emissions of refrigerated container under two electri-
fication pathways, i.e., grid-powered electric drive and battery-powered LRC, across mul-
tiple national contexts. Each pair of bars corresponds to a country’s electricity structure in 
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2024, reflecting the climate impact of deploying either grid-based electric trucks or battery-
electric trucks within that local energy mix. The results show that in countries with high 
shares of fossil fuels in their electricity generation (e.g., Mongolia, China, United States), 
grid-powered electric vehicles generate substantially higher emissions than LRC-driven 
alternatives. For example, in Mongolia, the grid-electric vehicle emits 69.74 g CO₂eq, while 
the battery-powered LRC emits 60.51 g CO₂eq, resulting in a 13.2% reduction. In China, 
emissions from grid-electric vehicles are 61.04 g CO₂eq, compared to 52.39 g CO₂eq for the 
battery-powered LRC, yielding a 14.1% reduction. In the United States, the advantage of the 
battery-powered LRC is even more pronounced: emissions fall from 59.84 to 38.75 g CO₂eq, 
a 35.2% reduction. Countries with cleaner electricity mixes, such as France (high nuclear) 
and Sweden (high renewables), show dramatic reductions in carbon emissions from using 
battery-powered LRC. In France, the battery-powered LRC results in emissions of 12.42 g 
CO₂eq, compared to 57.52 g CO₂eq for the grid-electric case—a 78.4% reduction. Similarly, 
in Sweden, emissions fall from 57.46 to 11.80 g CO₂eq, equivalent to a 79.5% reduction. 
In the United Kingdom, the difference is also notable, with battery-powered LRC systems 
emitting 25.35 g CO₂eq, compared to 58.66 g CO₂eq for grid-electric—a 56.8% drop.

These findings suggest that the cleaner the grid, the more effective the battery-powered 
LRC system becomes, especially since battery charging can be decoupled from real-time 
grid intensity and selectively sourced from clean electricity. The battery-powered LRC 
offer better emission stability across regions due to their flexibility in charging strategies 
and lower exposure to local grid emissions during operation. From a systems perspective, 
meaningful emission reductions from vehicle electrification can be achieved only with the 
support of low-carbon electricity, and ongoing improvements in battery energy density, cost 
reductions, and the widespread deployment of charging infrastructure underpin its long-term 
viability and development trajectory. However, battery-electric trucks show greater consis-
tency in performance across countries and may serve as a more robust transition pathway 
in areas where grid decarbonization is not yet complete. These findings reinforce the earlier 
conclusion that driving electrification, rather than refrigeration alone, holds the greatest 
mitigation potential for cold chain transport. However, realizing the full climate benefits 
of electrified refrigerated logistics will depend on overcoming barriers such as limited bat-
tery range, charging infrastructure gaps, and carbon-intensive grids. Targeted investments 
in battery innovation, smart routing, and clean power integration are therefore essential to 
accelerate this transition (Song et al., 2022; Telle et al., 2022; S. Zhang et al., 2023).

Alternative refrigerants are one of the emission reduction strategies in the refrigerated 
transportation sector. As shown in Fig. 6, although the proportion of refrigerant leakage in 
the entire life cycle of refrigerated transportation equipment is relatively small (8.26%—
8.50%), its direct leakage into the atmosphere has a significant impact on the environment. 
In China, the commonly used refrigerants for refrigerated transportation equipment are 
R404A and R134A. Additionally, 5% of refrigerated transportation equipment still uses 
R22, which has a non-zero ODP and is in urgent need of being replaced. Meanwhile, refrig-
erants with medium to low GWP such as R134A and R744 have become alternative options. 
Thus, this study compares the impacts of replacing R404A with R744. Replacing R404A 
with R744 can reduce carbon emissions by 10.06% to 13.27%. It is worth noting that after 
the refrigeration unit uses R744, compared with R404A, both the COP and the refrigera-
tion capacity have decreased, resulting in a 5.77% increase in carbon emissions related to 
refrigeration energy consumption. Therefore, when considering the replacement of refriger-
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ants, it is not only necessary to take into account the ODP and GWP, but also the changes in 
refrigeration performance after the replacement, in order to comprehensively consider the 
actual effect after the replacement of refrigerants.

As shown in Fig. 7a, the life cycle carbon emissions of MRC show a significant reduc-
tion when transitioning from road to rail transport. Specifically, emissions decrease from 
53.05 g CO₂eq/(t·km) under road transport to 19.65 g CO₂eq/(t·km) under rail transport—a 
reduction of 63.0%. Similarly, battery-powered LRC experience a decline from 51.94 to 
18.54 g CO₂eq/(t·km), yielding a 64.3% reduction. These findings reinforce earlier studies 
(Li & Zhang, 2020; Tong et al., 2021), which report that road freight emits 7.9–10.5 times 
more CO₂ than rail freight per ton-kilometer. Given that road transport currently accounts 
for 89.73% of China’s refrigerated logistics volume—while rail represents less than 1%—
shifting even a fraction of long-distance freight to rail could result in substantial carbon 
savings. Previous estimates indicate that transferring 10% of road turnover to rail could cut 
emissions by over 22.5 million tons of CO₂ annually (Lin et al., 2017).

In addition to modal shift, logistics efficiency plays a key role in emissions reduction. 
Figure 7b evaluates the carbon emissions of MRC under varying empty load rates (i.e., the 
percentage of time vehicles operate without cargo). Reducing the empty load rate from 50 to 
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Fig. 7  Life cycle carbon emissions of LRC and MRC under different transport modes (a) and varying 
empty load rates (b)
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40% leads to a decrease in emissions from 53.05 to 44.21 g CO₂eq/(t·km), which equates to 
a 16.67% reduction. The battery-powered LRC exhibits a similar improvement (from 51.94 
to 43.28 g CO₂eq/(t·km), down 16.7%). This demonstrates the effectiveness of operational 
optimizations, such as route planning, vehicle matching algorithms, and dynamic sched-
uling, in reducing fuel use and improving load efficiency. Taken together, these findings 
underscore the dual importance of modal shift and transport optimization. Combining elec-
trification strategies with rail substitution and smart logistics can offer substantial synergies 
in reducing the environmental footprint of cold chain freight systems.

3.4  Life cycle cost analysis

To comprehensively evaluate and support the application and promotion of the battery-
based LRC, attention should not only be paid to its climate benefits but also to its economic 
feasibility throughout the entire life cycle. This study then conduct a life cycle cost analysis. 
Through quantitative analysis of the cost structure at different stages, this study aims to 
reveal the potential economic benefits of the LRC and provide a scientific and reliable quan-
titative basis for subsequent comprehensive decision-making. Owing to subsidy support, the 
purchase cost of the LRC is substantially reduced. When an LRC is acquired as a replace-
ment following the scrappage of an MRC, the post-subsidy purchase price is approximately 
$25,000; by contrast, in the absence of MRC scrappage, the post-subsidy price of the LRC 
remains higher than that of the MRC, at around $40,000. However, this gap exhibits distinct 
stage-specific characteristics. With the continuous iteration of battery technology and the 
expansion of production scale, the cost of lithium batteries is expected to decline continu-
ously in the next few years (Moreno Sader et al., 2025).

During the operation phase, both of these vehicles were powered by diesel engines. How-
ever, since the LFP equipped in LRC was heavier than the diesel engine in MRC, LRC 
required more fuel consumption to drive. For MRC, 675,376.43 L of diesel were needed, 
while LRC required 691,528.52 L of diesel. The cooling equipment of MRC directly relied 
on the electricity provided by diesel power generation to supply power, resulting in rela-
tively high fuel consumption; the corresponding energy cost mainly depended on the fluc-
tuations in diesel prices. In contrast, LRC utilized electricity to drive its cooling devices, 
achieving an optimized energy structure and reducing reliance on fossil fuels. According 
to the data in Table 3, the fuel consumption of MRC's cooling equipment was 71,064.64 
L, and the corresponding fuel cost was $64,668.82. Under the same operating conditions, 
LRC powered by LFP batteries consumed 245,614 kWh of electricity. Even if calculated 
at a peak electricity price of $0.15 per kilowatt-hour, its electricity expenditure remained 
within $36,877.87. Compared to MRC, LRC could reduce energy costs by approximately 
43% during the cooling phase, demonstrating significant operational economic advantages.

During the maintenance phases, the maintenance cost of the LRC system is slightly lower 
($3,375 vs $5,100). As illustrated in Fig. 8, operation and maintenance costs constitute the 
dominant component of the life-cycle cost (LCC) for both vehicle systems, accounting for 
over 90% of the total LCC in each case. Upon the end of the refrigerated container’s service 
life, the disposal cost is assumed to be 10% of the initial purchase cost, equals to approxi-
mately $4,500 for the LRC and $3,400 for the MRC. This portion of the cost primarily 
covers expenses associated with system disassembly, material recycling and treatment, and 
waste disposal. Through comprehensive calculation, the life-cycle cost of the LRC ranges 
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from $581,200.54 to $609,097.87, which is lower than the MRC system’s $623,138.82, 
representing an overall life-cycle cost reduction of 2.25% to 6.73%.

It is noteworthy that advancements in lithium-ion battery technology are manifested not 
only in cost reduction but also in enhanced energy density. Currently, the energy density of 
LFP batteries ranges from approximately 160 to 205 Wh/kg, and it is projected to exceed 300 
Wh/kg in the coming years (Khan, 2026). An increase in energy density implies a reduction 
in the mass and volume of batteries required for the same energy storage capacity, thereby 
further cutting down costs in aspects such as system integration, transportation, installation, 
and maintenance. Higher energy density can also extend the operating duration, reduce 
fuel dependence, and indirectly lower fuel—related expenditures. Consequently, with the 
continuous upgrading of energy storage technology and dynamic shifts in the energy price 
structure, the economic performance of the LRC will exhibit a non—linear upward trend. 
Not only will the initial investment gradually decline, but the long—term energy—sav-
ing effects will also become more pronounced. In conclusion, while the LRC is currently 
constrained by lithium—ion battery costs, resulting in a slightly higher initial investment 

The life-cycle cost of the MRC
Acquisition cost 
($)

34,000.00

Total fuel con-
sumption (L)

746,441.06

Fuel cost ($/L) 0.91
Total fuel cost ($) 679,261.37
Maintenance cost 
($)

5,100.00

Disposal cost ($) 3,400.00
Life-cycle cost 
($)

721,761.37

The life-cycle cost of the LRC
Acquisition cost 
($)

45,000.00

Post-subsidy 
price ($)

25,000—40,000

Total fuel con-
sumption (L)

691,528.52

Total fuel cost ($) 629,290.95
Total electric-
ity consumption 
(kWh)

245,614.04

Electricity cost 
($/kWh)

Off-peak Basic Peak
0.04 0.09 0.15

Total electricity 
cost (kWh)

8,980.54 22,085.03 36,877.87

Maintenance cost 
($)

3,375.00

Disposal cost ($) 4,500.00
Life-cycle cost 
($)

667,646.49—
691,146.49

680,750.98—
704,250.98

695,543.82—
719,043.82

Cost reduction 
(%)

5.06%−7.50% 3.24%−5.68% 1.19%−3.63%

Table 3  The life-cycle cost 
analysis for the MRC and the 
LRC
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compared to the traditional MRC, with the combined impact of decreasing battery unit 
prices and increasing energy density, its life-cycle economic efficiency is anticipated to sig-
nificantly outperform that of the MRC. In the future, against the backdrop of mature energy 
storage technology and the transformation of the energy structure, the LRC will possess 
stronger cost competitiveness and extensive application and promotion value.

4  Conclusions

This study constructs cradle-to-grave LCA models for diesel-driven MRC and battery-based 
LRC to test whether electrified refrigeration yields net climate gains. In the base case, the 
battery-based LRC emits 2.10% less GHGs than MRC, a modest advantage explained by 
the dominance of the use phase, the small share of cooling within total traction-plus-cooling 
energy, the mass penalty of LRC (battery ~ 1.80 t; total 3.91 t) versus MRC (engine ~ 0.772 
t; total 2.88 t), and the current carbon intensity of grid electricity. Moreover, LRC’s man-
ufacturing footprint is higher because of LFP production; battery recycling reduces this 
burden but yields only a limited lifecycle gain since production and end-of-life constitute 
a smaller share than operation. Additionally, sensitivity tests show that combining a 50% 
lower grid carbon intensity, best-available LFP manufacturing, and ~ 80% closed-loop recy-
cling expands LRC’s advantage by ~ 4–8 percentage points. Operational levers remain most 
influential: reducing empty-load from 50 to 40% lowers intensity by 16.67%, electrifying 
the traction side cuts ~ 14.14% (where grids are moderately clean), and deploying low-GWP 
refrigerants with tight leak control while maintaining COP delivers an additional ~ 1–3% 
lifecycle saving. When these supply- and demand-side measures are implemented together, 
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the achievable lifecycle abatement reaches ~ 20–25% relative to today’s MRC baseline. As 
battery technology advances and the energy structure optimizes, the life cycle cost advan-
tage of the LRC will be further amplified, exhibiting enhanced economic competitiveness 
and scalability potential. Overall, electrification provides real but currently limited miti-
gation; maximizing benefits requires power-system decarbonization, lighter and cleaner 
battery supply chains with high-yield recycling, advancements in battery technology, and 
rigorous operational efficiency, while avoiding over-reliance on “electrify-only” narratives 
or refrigerant substitutions that compromise thermodynamic performance.

Building on the current focus on climate-related carbon footprint impacts, future 
research could be expanded to incorporate non-CO₂ effects and air pollutant impacts such 
as NOₓ emissions and refrigerant-related ozone effects, which were beyond the scope of 
the present study. Moreover, moving beyond the diesel-vehicle assumptions adopted here, 
subsequent work may consider electrified transportation systems and more comprehensive, 
multi-dimensional environmental impact assessments to improve the robustness and gen-
eralizability of the findings. Additionally, future work should incorporate reliability and 
degradation dynamics (e.g., failure rates and performance decay) to assess how long-term 
system robustness may influence real-world environmental and economic outcomes.
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